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Abstract 
 
Denmark is one of the most advanced countries in biogas technology. This country added several 
improvements to the biogas process in order to increase the biogas yield and thereby improve the 
economical profitability. Consequently, this project studied the developments of biogas 
technology in Denmark. The study includes a historical progress of biogas plants since 1970s; 
the different problems interrupted the expansion of this technology and the actions taken to 
overcome these obstacles. This research helps to expect the problems which may face the 
development of this technology in the future.  Expecting future problems is important from the 
planning point of view; so as to advise treatment strategies if required. As well, this research 
could be as guidance for countries who want to develop and implement biogas technology. It 
will be useful to benefit from the Danish experience in this field. 
 
The investigations show that biogas plants in Denmark were well developed until 1998. 
Afterward, the construction of centralised biogas plants was completely stopped while the 
construction of farm-scale plants was continued. The total energy production from biogas plants 
in Denmark is 1.4 PJ and just small amount of this energy 0.2 PJ is produced from the farm-scale 
plants. The expansion of biogas technology in Denmark was slowed down in the last six years. 
Two reasons were behind this hindrance. The first is a change in the energy policy, where the 
new Danish government focus on efficient and economical energy supply rather than clean and 
environmental energy resources. The second reason is the limited availability of organic waste 
which is important factors to increase the biogas yield and improve the economic profitability of 
the process. However, a new agreement on renewable energy resources (wind power and biogas) 
has been posited in 29th of March 2004. The agreement includes an increase of 30% for research, 
development and demonstration of advanced renewable energy technologies.  
 
Most the technical problems of biogas process have been solved in the past. It is expected that 
biogas technology may face economical difficulties in the future. There were a decrease in 
investments grants for biogas plants and reduction in funding for R&D of renewable resources in 
the last few years. But the new political agreement (March 2004) provided biogas-price 
supplement for new biogas installations. The agreement includes a limit of 8 PJ for subsidy of 
existing and new biogas installations by 2008. Therefore, technical improvements in the biogas 
process are vital in order to improve the economic profitability of this technology. R&D in 
biogas field should continue until achieve a stage at which biogas plant can operate without 
investment grants after 2008.  
 
This study proposed new strategies and solutions to overcome the current and the expected 
future problems of biogas technology. These includes selling the biogas technology, create 
pressure on government to increase the funding for R&D in biogas, utilising organic waste from 
household and positing fees for the treatment of manure in biogas plants. The aim is to increase 
the funding for development in biogas field and to find an appropriate solution for organic waste 
limitation. In additions, the report contains comments and suggestions to improve the cost 
benefit analysis of centralised biogas plants. More advantages and disadvantages of biogas 
process can be added to the socio-economical analysis in order to improve its reliability.  
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1. Introduction 
 
Biogas is anaerobic digestion process of biomass by certain bacteria. The effluent gas consists 
mainly of Methane CH4, Carbon dioxide CO2, Moisture and Hydrogen sulphide H2S. Biogas is 
one of the important technologies of producing power from renewable and clean resources in 
addition to its application to treat animal manure and organic waste from industry and household. 
This technology creates employment opportunities and reduces the pollution in air, water and 
soil. The energy produced from biogas utilized in form of district heating and electricity.  
 
The biogas process has been known and utilized for many years and in different parts of the 
world. In Denmark, the interest in biogas was dramatically increased after the high oil prices in 
the seventies. The purpose was to find a new source of energy in order to reduce the dependency 
on fossil fuels. The interest in biogas process was also enlarged because of its positive 
environmental impact and its benefits for agriculture and industry. Agricultural and 
environmental sectors are strongly supporting biogas technology, while energy sector to some 
extend interested in biogas mainly as a source for district heating in some local areas. The 
electricity and heat produced from biogas plants in Denmark are very small percent of the total 
electricity and heat generation.  
 
Farmers are the main supporters of biogas plants in Denmark. A number of thirteen Centralized 
Biogas Plants CBP are completely or partly owned by cooperatives of farmers. Additionally, 
farmers were the first who introduced small-scale biogas plant and thereafter several farm-scale 
plants were constructed. In 1980s, the concept of CBP has been introduced in order to improve 
the economical viability of biogas process. Currently, twenty CBP are in operation. 
 
Biogas technology is not profitable from the conventional economic point of view, which not 
includes externalities. In the other hand, biogas plants are attractive from the socio-economic 
point of view which considers the environmental benefits of this technology. The environmental 
regulations posited in Denmark were the main motivation, which stimulates farmers and other 
stockholders to support and implement biogas plants.  
 
Denmark was the first country, which added several improvements to biogas plant. These 
improvements were the construction of building to isolate the digester from climate effect, 
installation of heating system which provides constant and required temperature for digestion 
process, and mixing manure with organic waste in order to increase the biogas yield. The total 
energy production from small and large scale biogas plants in Denmark is around 1.4 PJ. 
Denmark was utilizing about 3% of manure production in biogas plants [14].      
 
The report contains a description of the objective and the methodology of this research, followed 
by a general background which includes a definition of biogas process, the different factors 
affecting the digestion of biomass and the applications of this technology. Section four describes 
the biogas system in Denmark; it includes the historical developments of this technology and the 
different obstacles have been faced the development of biogas process in Denmark. Additionally, 
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Cost Benefit Analysis (CBA) of Centralised Biogas Plants (CBP) is available in this section 
together with the main stockholders and supporter of biogas technology. The main results and 
the findings of this research have been discussed in section five which also contains personal 
opinion and suggestion for the future. The last section is conclusion which summarised the main 
findings of this study. 
 
 
2. Objective and Methodology 
 
The purpose of this project is to explore the difficulties (technical, economical and other 
problems) were faced the development of biogas process in Denmark. As well, the project 
studied the regulations which were posited in Denmark to promote the use of biogas plants. In 
addition, this study suggested new strategies for further developments in this field. The project 
mainly aimed to answer the following research questions: 
 
What were the obstacles faced the development of biogas technology in Denmark, and what were 
the actions taken to overcome these problems? 
What could be done in the future to increase the implementation of biogas plants in Denmark? 
 
In order to answer the previous questions, the following stages performed during the period of 
this project: 
1. A historical overview of biogas development in Denmark since 1970s. The reasons of 
applying biogas technology and the different regulations posited in order to promote its 
applications. In addition, a brief overview of the energy policy in Denmark during the 
last four decays has been done. 
2. The problems were faced the development of biogas and the alternative solutions which 
have been adopted to overcome these problems.  
3. Discuss the externalities of biogas process (the positive impacts of biogas on agriculture, 
industry and environment) from the socio-economical point of view. 
4. The stockholders and organizations, which are supporting biogas technology and the 
reasons of their interest in this technology. 
5. Suggestions for further developments and implementation of biogas technology in the 
future.  
 
 
In order to address the previous objectives, an interview carried out with expert in the field of 
biogas (senior scientist: Lars Henrik Nielsen at Risø research centre in Denmark). Contacts by 
email has been done with other researcher (K. Hjort-Gregersen, Danish research institute of food 
economics, University of South Denmark and R. P. J. M. Raven, Eindhoven University of 
Technology, The Netherlands). Those experts provided useful information and suggestion for the 
purpose of this study. In addition, literature review and collection of data and information from 
different sources (e.g. published books and articles, websites for official organisations and 
academic studies) have been done during this project.  
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3. Background 
 
The focus of this study is on anaerobic digestion process (biogas technology). Further details 
about the different conversion processes and technologies of biomass into energy source can be 
found in Annex A and the different sources of biomass listed in Annex B. 
 
3.1. Definition of anaerobic digestion process (Biogas) 
 
Anaerobic digestion is the process in which certain microorganisms decompose the organic 
matter into biogas without the presence of oxygen. The effluent biogas is composed mainly of 
the following compounds [3]:  
 Methane (CH4)        50 – 65 % (volume)  
 Carbon dioxide (CO2)        35 – 50 % (volume) 
 Moisture          30 – 160 g/m3  
 Hydrogen sulphide (H2S)          5 g/m3
 
The produced biogas is a colourless, odourless and flammable gas which has an energy content 
of 37.3 MJ/m3 [3]. The percent of methane to carbon dioxide varies depending on the input 
materials (feedstock) and the completeness of the process. The biomass used in this process has 
high moisture content, such as animal dung, sewage sludge, crop byproducts, and organic waste 
from household and industry.  
 
Anaerobic digestion process is simply applied energy source. A simple digester consists of a 
digestion chamber, a dome, an inlet, an outlet for biogas and an outlet for slurry. The biogas 
trapped by the dome flows under pressure through the outlet, where it can be used as an energy 
source.  Figure (1) shows a simple diagram for the anaerobic digester.  
 
 
Figure 1: Bio-digester [1] 
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The biogas process is a natural process that takes place in a variety of anaerobic environments, 
such as the intestinal tract of animals, marine and fresh water sediment, sewage sludge, paddy 
fields, water logged soils and in the region of volcanic hot springs and deep sea hydrothermal 
vents.  Anaerobic digestion is also occurred in the landfill, where the municipal waste was buried 
in soil at very low oxygen concentration. The produced biogas (methane) can be collect by 
pipelines network and utilized as source of energy. 
 
Anaerobic degradation or digestion involves the breakdown of biomass by a concerted action of 
a wide range of microorganisms in the absence of oxygen. The general principle of biomass is 
the degradation of organic materials (e.g. carbohydrates, protein and fats) under anaerobic 
condition, where bacteria convert the organic material to methane, carbon dioxide and water. 
Acetate is the most important source of methane in the anaerobic environment; it formed 
approximately 70% of the CH4, while, the remaining 30% of methane is formed directly from 
hydrogen and carbon dioxide.  
 
The first step in the anaerobic digestion is the hydrolysis of organic compounds into smaller 
units (e.g. the hydrolysis of proteins into amino acid). The hydrolysis process proceeds at various 
speeds depending on the composition of the biomass and may in some cases be a rate limiting 
step for the entire biogas process (e.g. the hydrolysis process will be rate limiting if cellulose is 
the main component in the biomass).  
 
The second step is fermentation, where the hydrolysis products are absorbed by the fermentative 
bacteria. The products of fermentation process are smaller compounds (e.g. acetate, fatty acids, 
alcohols and hydrogen). In a well functioning anaerobic digestion process, fermentative bacteria 
convert the largest part of organic materials to hydrogen, carbon dioxide and acetate. The 
remaining part of organic matter will be transformed into other lower fatty acids and alcohols. 
The opposite figure will occur in case that the fermentation process is not functioning well.  
 
The third step is the oxidization of fermentative products to acetate and the reduction of protons 
to hydrogen. This reaction is called Acetogenesis and it is catalyzed by a special group of 
bacteria. During this process, a certain amount of energy is produced depending on the type of 
reaction occurred. At low hydrogen partial pressure, the energy yield from this process is higher.  
 
In the fourth step, interspecies hydrogen transfer is occurred. Hydrogen consuming organisms 
and hydrogen producing organisms are presented in the biomass. Both hydrogen consuming 
reaction and the hydrogen producing reaction will yield energy. The hydrogen concentration in 
the culture must remain within certain interval in order to make both reactions are running and 
thereby producing more energy. Growth of bacteria in flocks increases the absorption of 
nutrients compared with free living organisms and thus make the energy utilization is more 
effective.  
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The fifth and the last stage is methane formation. Acetate formed around 70% of the methane, 
while 30% is formed from hydrogen and carbon dioxide [3]. The different steps of biogas 
fermentation process are explained in simple diagram (Figure 2). 
 
Organic compounds (carbohydrates, protein and fats) 
 
 
 
Hydrolysis 
Small units (amino acid, glucose) 
 
 
 
Fermentation 
Fermentation Products (acetate, fatty acid, alcohols and hydrogen) 
 
 
 
Acetogenesis 
Fermentation products oxidized to acetate 
Reduction of protons to hydrogen 
 
 
 
 
Hydrogen
 
 
 
Meth
 
Figure 2: The formation of bioga
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? Helps mitigate climate change by preventing methane and others Green-House Gas 
GHG from being released to the air. 
? Reduces water pollution by using feedstock that would end up in rivers and lakes. As 
well reduce N-eutrophication of ground water.  
? Economically viable when there is a regular supply of cattle dung and organic waste. 
? Requires a small area compared to the disposal of municipal solid waste (e.g. 
disposal of waste in Landfill). 
? Improve hygienic conditions. 
? Reduces the annoyance caused by odour from manure. 
? The residual sludge applicable as animal fodder or as fertilizer 
 
In the other hand, this technology is still suffering from technical and economical obstacles, 
which are limiting its use as an energy source. The main disadvantages of using biogas 
technology are: 
? The constructions of digesters are costly because they should be built to high 
structural standards in order to avoid cracking, leaking, and corrosion. 
? Transportation of biomass is also costly especially for large-scale biogas plants and it 
contributes significantly to the total cost of energy produced from biogas. 
? Corrosive impurities and a lower heating value, compared to natural gas, make 
biogas unsuitable to be compressed or injected into a pipeline system.  
? The effluent biogas contains a small percent of carbon dioxide, water vapour, and 
hydrogen sulphide. This decrease its efficiency and thereby its economical benefit.   
? Cost reduction potential of biogas is low [1]. 
 
The dung from animals is an important source for fertilization. This type of biomass can be used 
in digester in case the residuals (slurry) from the digester were returned to the field. Slurry is 
reach with minerals and can be used as fertilizers instead of animal’s dung. Dung may contain 
some viruses; therefore direct use of dung as fertilizer will have a potential risk of transferring 
diseases through plants to human. Hence, anaerobic treatment of dung before using it as fertilizer 
in form of slurry (the residuals from anaerobic digester) has advantage of reducing the risk of 
potential viruses and pathogens.  
 
3.3. Physical and chemical parameters   
 
The important physical and chemical factors that affect the anaerobic digestion process (all the 
information in this section is from reference [2]). Important definitions and terms can be found in 
Annex C. 
 
1. Nutrients 
 
Microorganisms demand several sorts of nutrients depending on the chemical composition of the 
cellular material. Minimum concentrations of the required nutrients should be presented in the 
culture in order to lunch the anaerobic digestion process. These nutrients are: 
Hydrogen, nitrogen, oxygen, and carbon: the main ingredients of organic material   
 - 7 -
Sulphur: necessary for the synthesis of the amino acid 
Phosphorus: important component in the nucleic acid 
Potassium, calcium, magnesium, and iron: required for enzyme activity and as  
                                                                     components in metals complex 
 
These ten elements should be present in concentration around 10-4 M. There are other elements 
which can be presented in smaller concentrations, such as Nickel which is important for the 
growth of anaerobic bacteria. High concentrations of calcium, magnesium, sodium and 
potassium will act as inhibitory factors. While, low concentrations (0.01 – 0.005 M) of these 
cations can activate and improve the digestion process. As a result, there is an interconnection of 
the different cations presented. 
 
2. Temperature 
 
Temperature is very important factor which affects the activity of microorganisms. The optimal 
temperatures for anaerobic digestion process are (30-40o C) mesophilic and (50-60o C) 
thermophilic. The advantages of thermophilic process compared to mesophilic process are: 
? Less residence time in the biogas plant because the growth rate of the thermophilic 
bacteria is higher than the one for mesophilic bacteria 
? Better destruction of the pathogenic organisms, which is very important advantage 
? Improve the separation of solid matter from the liquid phase 
? Better degradation of long-chain fatty acids 
? Less residues biomass formation 
? Improve solubility and availability of substrate 
 
The important disadvantages of thermophilic process are: 
? Large degree of instability 
? Large amount of energy consumption 
? High risk of ammonia inhibition 
 
Anaerobic digestion process is very sensitive to temperature change, the optimal temperature 
was found to be between 52 and 58o C. Negative effect could occur at temperature higher than 
60o C. As well, the toxicity of ammonia increases with increasing temperature; while the 
viscosity of the digested materials is low at high temperature (the substrate is more liquid at high 
temperature), which facilitate the diffusion of the dissolved materials. In the other hand, at 
temperature below 50o C, the growth rate of the thermophilic bacteria is low and wash out of the 
microbial population may occur in case that the growth rate is lower than the hydraulic residence 
time. Residence time is also an important factor, where adequate period of time should be 
maintained between the input of biomass to the reactor and the removal of digested materials. 
These two factors are interconnected and hence specifying the optimal values of both parameters 
is vital to increase the efficiency of digestion process. An efficient digester is the reactor, which 
yield more biogas or treat bigger amount of biomass. This can be done by operating the reactor 
at high load of input biomass or by decreasing the residence time. In fact, the thermophilic 
digester is more efficient than the mesophilic digester if they operate at similar conditions. 
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3. pH 
 
The pH interval, in which biogas formation occurs, is from 6.0 to 8.5, a pH value outside this 
interval can lead to process imbalance. This parameter has influence on bacterial growth and it 
affects the dissociation of ammonia, sulphide and organic acids, which are important compounds 
for the anaerobic digestion process. The pH value in the anaerobic reactor is mainly controlled 
by the bicarbonate buffer system which controlled by the partial pressure of CO2, and the 
concentration of alkaline and acid components in the liquid phase. Some compounds like organic 
acid and carbon dioxide causes a decrease in pH value, while other compounds like ammonia 
will increase the pH value. The pH value in the thermophilic reactor is higher than the one in the 
mesophilic rector.  
 
Acetate forms during manure degradation in the anaerobic digester but the accumulation of 
acetate can’t be detected directly by pH value. In other words, the acetate concentration should 
exceed a certain concentration before it can be detected as a significant change in pH value. 
Therefore, if the pH in the reactor drops that indicates a high concentration of acetate in the 
digester and the digestion process is already inhibited. As a result, pH value is not good indicator 
for the fermentation imbalance in case that the biomass is animal manure. Another negative 
property, the pH value of manure varies with season due the various composition of the animal 
feed. Based on practical experience, the pH value for the fermentation process of animal manure 
and household solid waste should be within the range 7.5 – 8.5. A sudden change in the 
measured pH of 0.2 is precautions regarding feeding. 
 
4. Ammonia 
 
High ammonia concentration (NH3/NH4+) in the biomass can inhibit the anaerobic digestion 
process. Animals waste (urine) has a high content of ammonia; therefore inhibition of the 
process with ammonia can occur if the input biomass has a high percent of urine. But it is not 
known yet at which concentration of ammonia the anaerobic digestion process stops. The 
inhibition with ammonia is higher in thermophilic reactor than in mesophilic ones based on the 
fact that the unionized form of ammonia (ammonium) NH3 is responsible for ammonia 
inhibition. Ammonium is more available in thermophilic digester.    
 
As a result, increasing pH and increasing temperature will increase the concentration of the free 
ammonia (ammonium), and thereby increase the probability of ammonia inhibition. Inhibition 
with ammonia will decrease the pH value and thereby decrease the concentration of ammonium. 
This will caused a counteract effect of ammonia inhibition and thus a steady state will be 
achieved. 
 
5. Substrate inhibition 
 
Easily degradable compounds, such as protein and lipids, can inhibit the digestion process. These 
compounds contain a long chain fatty acid which can inhibit the microorganisms in the biogas 
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plants. Therefore, a sudden addition of these compounds to the anaerobic digester can restrain 
the anaerobic digestion process. However, this depends on the speed of hydrolysis process (the 
first step of the digestion process) compared to further fermentation. In reality, lipids have high 
energy content and it can be degraded completely to biogas. If a biogas plant was adopted to 
degrade a high concentration of lipids, more effluent biogas can be obtained.   
 
Similar effect for proteins is observed, where biomass with high protein content can restrain the 
digestion process. Therefore, a longer period of residence time is required in case that the input 
biomass has high protein content. An adequate period of time is needed in this case to break 
down the protein into smaller units by hydrolysis process. 
 
6. Toxic compound 
 
Several elements can cause the death of anaerobic bacteria, such as heavy metals, and organic 
solvents. However, many of the toxic compounds can be absorbed by the inert material inside the 
digester and thereby avoid its negative effect on the digestion process. 
 
3.4. Reasons for process imbalance 
 
Anaerobic digestion is a complicated process depending upon a balance among the different 
compounds and elements presented. As well, this process depends upon the interaction between 
different groups of bacteria and right balance among these types of microorganisms is vital to 
obtain the largest yield of biogas. A negative effect might occur in case of imbalance, where the 
anaerobic fermentation can totally stop or slow down. The main reasons for process imbalance 
are (all the information in this section is from reference [2]): 
 
1. Hydraulic overloading  
 
This occurs when the residence time inside the anaerobic digester is less than the growth rate of 
bacteria. Therefore, the bacteria will not have enough time to grow inside the reactor and it will 
be washed out. Practically, hydraulic overloading occurs when the effective volume (net volume) 
of the reactor decreases due to the accumulation of inert materials (e.g. sludge and sand) or when 
overloading of substrate to the reactor takes place. 
 
2. Organic overloading 
 
The problem arises in case of biomass with high organic content is fed to the reactor. In this 
situation, bacteria can’t break down all the available organic compounds and thereby the 
anaerobic digestion process will be slow down.   
 
3. Toxic materials 
 
Toxic materials can be compounds already found in the biomass or compounds produced during 
the anaerobic fermentation process. This can happen if the used biomass is protein rich which 
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produce a large amount of ammonia causing ammonia inhibition. Anaerobic fermentation can 
also break down if the treated biomass contains a high concentration of fat which degraded to 
toxic substance (long-chain fatty acids). 
 
4. Sudden change 
 
A sudden change in one of the parameters (e.g. temperature, pH, feeding rate, ammonia 
loading…ext) causes a negative effect on the digestion process even if the change was within 
acceptable limit.   
 
During the fermentation process, the organic material degrades to acetate and hydrogen. If the 
acetate producing bacteria has lower growth rate than the fermentative bacterial, acetogenic 
substrates (e.g. acetate, fatty acid, alcohols and hydrogen) will accumulate and thereby inhibit 
the fermentation process. Thus, accumulation of acetogenic substrate is an indicator to a process 
imbalance. The investigations show that acetogenic substrate is not toxic, therefore it is not the 
reason for the process imbalance but it is an indicator. An increase in concentration of organic 
acids is a warning that more acid is produced than is consumed, which means that the process is 
unstable (imbalanced). But uneven feeding to the reactor might cause increase in the 
concentration of organic acid. Therefore, the concentration and the composition of the acid 
should be measured within a time interval smaller than the response time of the system.   
 
The process imbalance could be detected from the concentration of hydrogen (H2) and monoxide 
(CO). Measurement of H2 or CO alone is not reliable due to the interaction between both 
compounds. Additionally, H2 is available in gas and in liquid phases thereby measuring its 
concentration in the gas phase is not reflecting the actual concentration in the system.  
 
Biogas production can be calculated manually and can be simulated using a proper model. The 
calculated biogas production is based on the following assumptions: 
 Biogas potential = 0.45 m3 biogas/kg Volatile Solid (VS)  
 Biogas production = 10% the first 5 days after feeding 
    6% the next 5 days 
    4% the last 5 days 
 
Biogas yield for the most types of animal manure is 0.25 – 0.5 Nm3/kg VS, which is equivalent 
to methane yield of 0.15 – 0.35 Nm3/kg VS. Volatile Solid (VS) is the concentration of organic 
dry matter and a percent of this concentration is digested in the biogas reactor. The amount of 
VS digested is depending on the digester efficiency. Therefore, the efficiency of the anaerobic 
digestion can be calculated by measuring the concentration of VS before and after the digestion 
process. VS- Reduction between 30-60% is observed for animal manure. 
 
Several factors are used to control and evaluate the biogas process. It is not possible to construct 
a controlling model using a single variable due to the complexity of the digestion process. 
Biogas production and biogas yield are the most widely used parameters to control the anaerobic 
fermentation process at full-scale biogas plants. Moreover, pH value and the composition of the 
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effluent biogas are also measured. Individual evaluations of the data obtained from these 
measurements are vital to perform a proper control of the biogas plant. The available information 
on biogas production, biogas composition and composition of biomass input are used for control, 
improve and regulate biogas plants in the future. 
 
 
3.5. Applications of the biogas process 
 
Biogas technology has wide applications in both developing and developed countries. China is 
the world leader in implementing biogas digester. In 1970, the government in China was 
constructed the first large-scale biogas plant in which seven million digesters were installed, 
providing energy from biogas to about 25 million people. Another large user of biogas digester is 
India; where around 280 000 small-scale digesters were installed in 1985. The types of biomass 
used in anaerobic digesters are animal dung, kitchen wastes, water hyacinths, human feces, and 
straw. Industrial countries have built larger digesters, where the input products are sewage 
sludge, municipal wastes, industrial organic-waste (e.g. food processing, dairy, brewing, paper, 
pulp,  pharmaceutical, and alcohol production), and crop byproducts (e.g. wheat and alfalfa). 
Additionally, the biogas generated from landfill is collected and used for energy generation [1].  
 
Biogas process is a way to treat different types of waste in an environmental friendly way beside 
that it is a source of energy. The anaerobic digestion process is mainly utilized to treat four 
groups of waste [4]: 
1. Sludge produced during the aerobic treatment of municipal sewage. The biogas produced 
during digestion process can partly cover the amount of energy consume in the sewage 
treatment plant.  
2. Wastewater generated from industry (e.g. food and fermentation industry) is treated in 
biogas plants before discharge it to the aquatic environment or to the sewage system. This 
type of wastewater contains a high concentration of pollutants; therefore it can’t be 
discharge directly to the environment. The biogas produced from treatment process can 
cover the amount of energy consume. The benefits and the limitation of this application 
are mentioned in Table 1. 
3. Animals manure is used as biomass in the biogas plant to produce energy and to improve 
the fertilizing quality. Anaerobic digestion of manure helps to remove the pathogens 
which may present in the raw manure and thereby improve the quality of fertilizers. This 
application is growing due to the restrict rules concerning the usage, distribution storage 
of manure. 
4. Organic waste from household is utilized in the biogas plant for energy production. The 
aim is to reduce the amount of waste goes to Landfills and incineration plants, and to 
utilize the nutrients from this type of waste in agriculture. The energy yield of Municipal 
Solid Waste (MSW) using anaerobic digestion process is 80-160 kWh/tonne of MSW. 
While, the energy yield of MSW using incineration is 450-500 kWh/tonne of MSW [5].       
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Table 1: The advantages and the disadvantages of anaerobic digestion of wastewater [2] 
Advantages Disadvantages 
1) Low production of waste biological soil
2) Waste biological sludge is highly  
      stabilized product 
3) Low nutrient requirements 
4) No energy requirements for aeration 
5) Production of biogas (methane) 
6) Very high loading rate can be  
      applied under favourable conditions 
7)  Active anaerobic sludge can be  
     preserved unfed for many months 
 
1) Anaerobic digestion is a sensitive  
      process to the presence of specific 
      compounds, e.g. CHCl3, CCl4, and CN-
2) Relatively long period of time are  
      required to start up the process due  
      to the slow growth rate of anaerobic 
      bacteria 
3) It is just a pre-treatment process,  
      wastewater should receive post- 
       treatment before discharge it into  
       environment 
 
 
4. Biogas system in Denmark 
 
This section addressed the development stages of biogas technology since 1970s, the energy 
policy in Denmark and the different actors and organizations which are supporting biogas plants. 
A brief overview of the energy system in Denmark is available in annex D. 
 
 
4.1. Overview of energy policy in Denmark 
 
Vigorous energy policies were implemented in Denmark, and these policies were characterised 
with involving several actors, such as: energy companies, industry, municipalities, research 
institutes, NGO’s and consumers. Very comprehensive restructurings were occurred in Denmark 
in the last decay. These restructurings have results in more flexible and sturdy supply system, 
increased use of domestic fuels, which improve the social economy. Levying energy taxes was 
crucial in sustaining the restructuring of energy supply. Denmark ratified the Kyoto Protocol in 
1998 and has already met many of its key targets. Since 1992, Denmark’s carbon dioxide 
emissions have decreased by about 12 per cent, energy consumption has remained stable, and its 
gross domestic product has increased by 30 per cent. Part of the country's economic growth can 
be attributed to the new industries it has created, such as wind power technology. Denmark now 
is the leading country in Europe in wind turbine, and biogas technologies.  
 
The energy policy in Denmark is to construct a sturdy energy supply based on various power 
resources. Continuous efforts in Denmark since the beginning of the 1980’s have led to installed 
wind and biogas energy capacity. There is a plan in Denmark to increase the implementation of 
renewable energy within a plan to pursuing a sustainable development in the energy sector. The 
reasons behind that are mainly to reduce CO2 emission, minimise oil consumption and meet the 
increase in energy consumption. Despite of the advanced development in the renewable energy 
technologies (e.g. Wind power and Bioenergy), the cost of energy produced from renewable 
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resources is higher compared to the one produced from conventional resources. Hence, rules and 
regulation are needed to increase the implementation of renewable resources.  
 
 
4.2. Biogas developments 
 
Biogas plant is an instillation in which anaerobic digestion of biomass (organic waste and 
manure) occurred. The output from biogas plant is biogas in form of methane gas and solid 
residuals. The produced biogas is sold to the local cogeneration heating power stations. The heat 
produced from these power stations are used for district heating. As well, the generated biogas 
can be used for electricity production; therefore it is used in Combined Heat and Power plants 
CHP. The solid residual is stored in a storage tank and then it utilized as a good quality fertilizer 
in agriculture.  
 
Denmark has intensive agricultural and industrial productions. The target of biogas technology 
has been shifted recently from energy recovery to environmental protection. During the last 
decay, the technology of large biogas plants has been developed in Denmark in order to treat the 
huge generated amount of manure from animal production. The biogas is utilized in Combined 
Heat and Power plants (CHP) for energy production.   
 
Most of the biogas plants in Denmark are cooperative which are owned by farmers and heat 
consumers. Farmers are not paying fees for their waste treatment in biogas plant and thereby 
they save the cost of manure handling. The cost of manure transportation and plant operation is 
covers from fees on the receipt of organic waste and sales of biogas. Additionally, biogas plants 
in Denmark are benefit from free tax on heat sales and an electricity production grant of 0.27 
DKK/kWh [6]. 
 
Denmark has developed a large-scale Centralized Biogas Plants (CBP). The purpose was to treat 
the huge production of animal manure in an environmental friendly way, and to produce energy 
from the generated biogas. The production of biogas is used for district heating and electricity. 
The manure can be collected from several farmers and stored in a large common storage facility 
before transport it to the biogas plant. The anaerobic digestion of manure improves fertilizing 
quality by converting the organic materials into inorganic nutrient salts which can easily 
absorbed by plants. Additionally, pathogens which may be presented in the raw manure are 
removed during the fermentation process. These pathogens can be transformed to human through 
plants if raw manure used directly as fertilizer.  The bad odours of the raw manure reduce after 
biogas process. The manure after treatment can be easily spread-out on the field.    
 
An Action Program for Joint Biogas Plants was initiated by the Danish government in 1988. The 
aim of this program is to promote the project of CBP. Therefore, twenty CBP are in operation in 
Denmark, which have capacity from 25-500 tons biomass per day. The amount of biogas 
produced is varying from 1000 to more than 15 000 m3/d [4]. The location of these biogas plants 
are shown in Figure 3. The amounts of biomass supplied and biogas production from CBP in 
Denmark are listed in Table 2.    
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Figure 3: The locations of centralized biogas plants in Denmark [4] 
 
 
Table 2: The amounts of biomass supplied and biogas production at CBP in Denmark, 1998 [4] 
Biomass                                      Amount (m3)     Percent (%) 
Cattle                                                448 495               33.2 
Pigs                                                  529 138                39.1 
Various fertilizing agents                  49 429                 3.7 
Crops, misc.                                            421                 0.0 
Slaughterhouse waste                       86 936                  6.4 
Organic industrial waste                 214 212                 15.8 
Wastewater treatment plants             22 415                  1.7 
Household waste                                 1 500                  0.1 
 
Total                                             1 352 546 m3          100% 
Total gas production in 1998                            50 092 000 m3
Energy production at 65% CH4                                  1166 TJ 
Gas production per m3 biomass                                      37 m3
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The Centralized Biogas Plants CBP has been constructed in Denmark in the period from 1980s 
to 1998s. The biomass used in these plants is mainly domestic animal manure (1 million tonnes a 
year) and organic waste from household and industry (0.3 million tonnes a year). The capacity of 
CBP is varying from 40 to 550 m3 biomass/day and the future plan in Denmark is to build biogas 
plants with higher capacity up to 800 m3 biomass/day. The total energy production from the 20 
CBP is around 1.2 Petajoule (PJ/year) and the total biogas production is about 50 (million 
m3/year) [4]. The concept of CBP structured in Figure 4.   
 
Animal manure 
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and Household
 
 
 
 
 
 
 
                  
                       Storage tanks                    
Transportation System 
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Figure 4: Diagram illustrates the different activities of biogas plant [6]  
 
 
All biogas plant in Denmark received investments grants of about 20%.  The aim is to perform 
technological and economical improvements to the biogas technology in order to reduce the 
investments grants in the future. Biogas yield has considerably increased by mixing the biomass 
with organic waste. Currently, the focus is on economical improvements of this technology.   
 
The total production of biogas in Denmark is about 1.4 PJ per year. An increase of biogas 
production up to 20 PJ per year was planned by year 2020. The actual biogas potential in 
Denmark is 32 PJ, where 80% is represented by animal manure. There is a plan to integrate 
biogas in to the existing natural gas grid [11].  
 
Biogas plants in Denmark are receiving industrial organic waste. This waste is mixed with other 
types of biomass in order to increase biogas yield and thereby improve the efficiency of biogas 
plant and reduce the cost. Biogas yield is really depending on the percent of organic waste in the 
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biomass. CBP with high treatment capacity is expecting to have a low percent of organic waste 
and that will decrease the biogas yield. For example, biomass containing 21% of organic waste 
(plant with capacity of 300 m3 biomass/ day) yield 34 m3 biogas/m3 biomass, biomass containing 
13% of organic waste (plant with capacity of 550 m3 biomass/day) yield 27 m3 biogas/m3 
biomass, and biomass containing 10% of organic waste (plant with capacity of 800 m3 
biomass/day) yield 25 m3 biogas/m3 biomass [6]. 
 
Organic waste usually contains high concentration of easily degradable substrates, such as 
starches, lipids and proteins. This material increases the biogas yield and stabilizes the anaerobic 
digestion process if added in a controlled way. Manure has low solid concentration; the total 
solid concentration for pigs is 3-5% and for cattle and cows 6-9%. As well, manure contains high 
concentration of lignocelluloses which converted to fiber by anaerobic digestion process. 
Manure yields low biogas concentration 10-20 m3 CH4/ton manure that because it contains a 
high percent of fiber and water. Fiber is unruly to degradation and it is often remaining without 
digestion. Manure considered as vital substrate for biogas process due to the high continent of 
water which act as solvent for solid waste and because of high nutrient concentration which is 
necessary for bacterial growth. As a result, mixing different types of waste (e.g. manure, organic 
waste from industry and household is vital for high biogas production [2].      
 
CBP is economically reliable without investment grants, if biogas yields between 25 to 34 m3 
biogas per m3 biomass. In order to obtain this yield, the percent of organic waste should be 10 to 
21% of the biomass treated. Otherwise, treatment fee of 14 DKK/m3 manure should be paid by 
the farmers in case that no organic waste was supplied [6]. 
 
 
4.3. The reasons of applying biogas technology in Denmark 
 
The cost of energy produced from biogas plant is higher than the one produced from other 
energy resources like oil and natural gas. Despite of the high cost, biogas technology has been 
implemented widely in Denmark. The interest in bioenergy in general and biogas process in 
specific started after energy crises in 1970. The development of biogas technology was started in 
Denmark after 1980 and the main reasons of apply this technology are:   
1. A method to treat different types of waste (e.g. animals manure, organic waste from 
household, waste from food industry, sludge from wastewater treatment plants) in an 
environmentally friendly way. 
2. Biogas plant is the key element to reduce CO2 emission. The plan in Denmark is to 
reduce the emission of CO2 by 50% in 2030 [7]. Therefore, applying biogas technology 
will help to achieve the CO2 reduction target. Denmark has been ranked as a country with 
high GHG emission. According to Kyoto protocol, an amount of money should be paid 
by the Danish government in order to buy CO2 credit from countries with low CO2 
emission. As a result, this money can be saved by increasing the implementation of 
biogas plants. However, the amount of saving is low because the percent of energy 
production from biogas plants compared to the total energy consumption in Denmark is 
low. 
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3. Improving the quality of fertilisers by digesting the raw manure which contains 
pathogens. These pathogens can be easily transferred to human through agricultural 
products if the raw manure used directly in the field. Therefore, anaerobic digestion of 
animal manure improves the fertilizer quality from hygienic point of view. Additionally, 
the solid residuals from biogas plant (fertilisers) can be easily spread out on the field after 
digestion process.   
4. Anaerobic digestion reduces the bad smell of biomass and thereby minimizes the 
nuisance from odour and flies. 
5. Biogas plants create employment opportunities especially in the rural areas. 
6. A hope to achieve a potential reduction in the cost of biogas by continuous research and 
development in this area. The aim is to make this technology profitable to the private 
sectors and thereby industry can take over and perform further developments in this 
technology. 
7. Increase the implementation of renewable energy in Denmark especially after a decline in 
the oil production in this country. The aim is to make Denmark self dependent regarding 
energy resources and less influenced by changes in oil prices.   
8. Biogas process is an economic technology to treat organic waste compared to other 
treatment processes, such as landfill and incinerator. Therefore, saving of money is 
achieved by treating organic waste by digestion process. 
9. Biogas technology can be combined with separation technology of manure. This 
combination has advantages for both farmers and biogas plants. The purpose of 
separation of manure is to refine nutrients in concentrated form.   
 
Based on these reasons, the Danish government supported research programmes to develop 
biogas technology. Thus, the efficiency of digestion process was improved and large scale biogas 
plants were build. Technical and economical improvements of biogas process have been 
achieved but many problems arose during the development of this technology. These problems 
were described in the following section and it summarized as technical, economical and other 
problems. 
  
 
4.4. The obstacles faced the development of biogas process in Denmark 
 
4.4.1. Technical problems 
 
Several technical problems were raised during the development stages of biogas plant. These 
problems were caused a delay in construction and running the plants.  
 
Technical problems were raised when Bergen engine started to use in Vaarst-Flellerad biogas 
plant, where a reduction in biogas production was observed. The compressor unit could not 
supply sufficient pressure for the engine. This problem has been solved in 1998 by changes the 
compressor unit and improve the methane content of biogas. This allowed the production of 
necessary amount of gas and pressure but still there are continuous problems with the supply of 
adequate pressure and amount of gas [8].  
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Gas leakage from reactor or pipelines may occur in biogas plants due to overloading of biomass, 
wrong design of the equipments or accumulation of organic material. This problem has a high 
negative impact on human life and equipment due to the ignition property of methane gas. 
Therefore, monitoring programme of all equipments and distribution pipelines should be 
implemented. As well, safety factors during design and operation stages should be considered. 
During the operation of Vaarst-Flellerad biogas plant near to Aalborg city, gas leakage from the 
cover of the reactor vessels was seen and it has been observed accumulation of organic material 
inside the reactor. This problem indicates that the design of top-cover of the reactor needs further 
improvements [8]. As a result, a periodic overall check of the plant is very important in order to 
overcome such problems.  
 
Biogas process really depends on the composition of biomass in fact wrong input may cause 
process inhibition or even decrease the amount of biogas produced and this is one technical 
problem. Anaerobic digestion process is very complicated and sensitive to several factors, such 
as nutrients concentration, species and concentration of bacteria. Biogas process depends on a 
balance between the different compounds and concentrations presented. The process can be 
completely stops if imbalance between these elements occurred. Several parameters affects 
digestion process (e.g. temperature, pH, feeding rate, ammonia loading…ext) and a sudden 
change in one of these parameters inhibit or slow down the process. Moreover, the presence of 
toxic materials in the input biomass caused process inhibition and sometimes toxic compounds 
(e.g. ammonia) generated during the fermentation process. As well, municipal organic waste 
contains indigestible materials like plastic bags and metals. This caused a technical problem and 
leads to decrease the process efficiency. Separation process should be efficient to remove all the 
foreign materials. Additionally, waste composition varies enormously between locations in the 
same countries due to the different levels of social welfare, for example the waste in rural area 
contains more organic materials than the one in urban areas (big cities).    
 
Organic waste usually collected by plastic bags which should be removed before treating it in 
biogas plant. Most of the biogas plants (e.g. Vaarst-Fjellerad, Nysted and Århus biogas plants) 
faced the problem of not efficient separation of organic waste. Plastic bags are not digestible 
material. Therefore, it will end as solid residual which used as fertilizer. This will decrease the 
quality of fertilizers or even makes it unsuitable to use as fertilizers.       
 
During the first stages of biogas development, biomass in solid form (mainly Municipal Solid 
Waste MSW) treated through several treatment processes. High-solid waste is defined as organic 
waste with a content of solid between 10-40%. The old treatment system for solid biomass is 
technically complicated and very often technical accidents occurred. The old treatment system 
consists of three main steps, which are: 
? Pre-treatment: Since MSW is not effectively separated, a separation mechanism 
should be available. The aim is to separate the organic from the inorganic materials. 
MSW usually contains less than 1/3 of organic materials.  
? Biological treatment: In this step, the organic waste is digested in the reactor under 
anaerobic conditions, where different systems and processes can be used.  
 - 19 -
? After treatment: The digested material is dewatered to 50-55%. Then the mixture 
pressed and refined with sieve. The refined material composted aerobically.    
 
Several technical problems were occurred during the digestion of high solid waste in the old 
treatment process. These problems were due to the not effective separation or during the 
pumping of solid biomass or during mixing and digestion inside the reactor. In addition, the cost 
of treating high-solid waste is very high, which reduce the economical profitability of biogas 
process. In order to avoid the above mentioned problems, biomass currently mixed with other 
forms of diluted biomass in order to avoid treating high solid waste. The new process to treat 
diluted biomass called Codigestion. This concept has been applied successfully in several biogas 
plants in Denmark, where manure mixed with organic waste. Manure has high water content and 
thereby it used for dilution of organic waste. Codigestion process has improved the economy of 
biogas process by reducing the treatment cost [13]. 
  
Biogas characterise with corrosive impurities and a lower heating value, compared to natural gas. 
This property makes biogas unsuitable to be compressed or injected into a pipeline system. The 
effluent biogas contains a small percent of carbon dioxide, water vapour, and hydrogen sulphide. 
This decrease its efficiency and thereby its economical benefit. 
 
During the first stages of developments, biogas digester (reactor) was not isolated from the 
natural climate. Therefore, climate change has impact on the process of producing biogas and the 
important meteorological factors are: 
1. Temperature: The process of producing biogas is very sensitive to changes in 
temperature. High temperature increases the rate of biogas production and visa versa. 
2. Humidity: High humidity may cause corrosion in the biogas plant, whereas dry climates 
caused cracking in the structure of the plant. 
 
Biogas process did not succeed, if one of these factors (temperature or humidity) was changed. 
Several improvements to biogas digesters have been made. One improvement is to provide a 
heating system to the biogas plant during cold climates to maintain high production rate and 
efficiency. Denmark added several improvements to the biogas plant in order to eliminate the 
effects of unstable weather. These improvements are [1]: 
a. Construction of a building to protect the digester. 
b. Insulation of the building. 
c. Installation of a heating system (hot water circulating in tubes) 
 
In 1981, all the biogas plants in Denmark (21 plants at that time) faced severe technical 
problems. Due to the serious problems, five biogas plants have been completely stopped without 
any plan for reinstallation. These plants had unstable operation and thereby biogas yields were 
low and the economic feasibility was not attractive and thereby farmers decided to stop 
operation. Three biogas plants were out of operation but there were efforts to find a solution for 
the technical problems. Moreover, four biogas plants had unstable operation due to technical 
obstacles. The rest of biogas plants (nine plants) faced fewer problems and therefore they had a 
stable operation. These problems caused a negative influence on the target of biogas production.  
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The expected and the real biogas production for some of the biogas plants listed in Table 3. The 
results show clearly that the biogas yield was lower than expectations. Hence, most of the farm-
scale biogas plants, which constructed between 1970s and 1980s, discarded. Cooperation for 
Technological Development of Biogas Plants (STUB) established in 1978 to develop biogas 
plants and find technical solutions for this technology. One of the technical improvements was 
the discovery of a clean gas system by adding a small amount of air. This has been discovered in 
Fangel plant in 1993. The new technique has been quickly transferred to new biogas plants [14]. 
This leads to the conclusion that farm-scale biogas plant was not vital and thereby the concept of 
CBP raised in 1980s, which lower the investment costs.          
 
 
Table 3: Expected production and real production of some of the farm-scale plants in Denmark 
in 1982. Data from Operation Analysis Centre (1982:82) and Groen (1981:2) [14] 
Location Digester size (m3) Expected production 
for 1985 (m3/d) 
Real production in  
1982 (m3/d) 
Percentage 
Stenderup 45 63 45 71.4% 
Elsted 4×220 1232 17 1.3% 
Vilstrup 4×150 435 160 36.4% 
Sjoulundgård 6×60 504 180 35.7% 
Hjelmerup 100 140 80 57.1% 
Brested 100 140 85 60.7% 
Assendrup 2×200 560 150-200 26.3-35.7% 
Grasten 2×180 504 350 69.4% 
Gadebjergård 360 504 200 39.7% 
Lejre 20 28 6 21.4% 
 
 
 
Beside the developments in CBP, technological improvements in farm-scale biogas plants 
introduced in 1990s by the Folkecenter for renewable energy. Two types of small-scale plants 
have been developed. The first called the Smedemester biogas plant with two standardised 
Blacksmith plants. One consists of horizontal steel tank with a size of 50-300 m3 (Figure 5). 
Biomass takes 15-25 days to be transported from the input side of the tank to the other side. The 
other Blacksmith plant is a vertical tank with minimum size of 400 m3. This types of plants used 
CHP units to convert biogas to energy. Later on, dual-fuel engines were used in which 5-15% 
diesel fuel mixed with biogas. This engine has high efficiency for power production and thereby 
it is economically attractive in small-scale plants and it can be easily used to start up the 
digestion process [14].  
 
The second type of biogas plant was low concrete digester which has been developed by Bigadan 
Company in the period from 1970s to 1980s. Low concrete digester was mainly developed for 
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farm-scale plant but it has been also used in CBP, such V. Hermitslev plant. Another concept for 
biogas plant developed, which called Soft Top Plant Concept. The storage tank in this plant 
provides with a membrane which inflated by the emerging biogas. This concept used after 1990s 
to develop further concepts of biogas plants. For example, a concrete digester build inside a 
storage tank; when the digester is full then manure can overflow into the storage tank. Biogas 
collected at the top of the storage tank using membrane (Figure 6) [14]. In addition, the 
Folkcenter developed a computing programme to monitor and control the digestion process and 
that helps to optimize the biogas yield.  
 
 
 
 
 
Figure 5: Layout of the Smedemeister biogas plant (Koberle, 1988) [14] 
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Figure 6: Lay-out of the soft cover digester type (Elmose, 2002:31) [14] 
 
 
4.4.2. Economical problems 
 
In order to better understand the economic obstacles were faced the development of biogas 
process in Denmark, it is essential to carry out a cost analysis of biogas plant. This analysis helps 
to estimate the benefits of this technology in the different fields. A cost analysis has been 
performed (Nielsen L. H. et al) [6]. The results of this analysis summarised below.   
 
The analysis includes three biogas plants, which have capacity 300, 550 and 800 (m3 biomass per 
day). The investments and production costs are listed in Table 4, where all the values are 
presented in DKK per m3 of biomass treated.  The results show that the highest part of cost is 
investment cost which includes the construction cost of biogas plant. The higher the capacity of 
biogas plant, the lower the investment and the operation cost per unit of biomass treated. While, 
the transportation cost is higher for a high capacity biogas plant due to increase the transportation 
distance of biomass.  
 
       Table 4: Investments and production cost of biogas plants [6] 
Per day treatment capacity (m3)                                                              300            550           800   
Investment costs DKK per m3 biomass treated per day                          405            325           272
Production costs 
-Transport                                                                                                 16             16              18 
-Biogas plant                                                                                             53             41              35 
 
DKK per m3 biomass treated per day                                                       69             57              53 
 
 
The calculations in cost analysis based on the following assumptions: 
                          Gas yield from organic waste: 75 m3 biogas per m3 waste 
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                          Gas yield from slurry:                       22 m3 biogas per m3 slurry 
                           Biogas sales price:               2 DKK per m3 biogas 
                           Investment grants:                       0 % 
 
Biogas plant is not economically attractive from conventional economic point of view, which 
includes the cost and the benefits from energy sells. In the other hand, biogas technology is 
attractive from socio-economic point of view in which externalities (environmental and 
agricultural impacts) are included in the analysis.  
 
Four scenarios were considered in this analysis, which termed result 0, result 1, result 2 and 
result 3. The different scenarios are described as the following: 
 Result 0: It includes operation, construction, maintenance and transportation cost  
                                  beside the profit from energy sells. 
 Result 1: the benefits in agriculture and industry have been considered. 
 Result 2: Environmental externalities, such as GHG emission reduction and N- 
                                  eutrophication of ground water added to the analysis. 
 Result 3: Reduce the smell of the digested biomass considered. 
 
 
     Table 5: Externalities in Monetary term [6] 
Monetised externalities:                                                               Biogas plant size: 
Socio-economic value per ton biomass                                        550 ton/day (20% organic waste)  
Agriculture                                                                                    Monetised 
Storage, handling and distribution of liquid manure   
     Storage savings for liquid manure                                             1.00    DKK/ton liquid manure 
     Transport savings in agriculture                                                0.50    DKK/ton liquid manure 
Value of improved fertiliser quality                                               5.41    DKK/ton treated 
Value of reduced obnoxious smells                                               5.00    DKK/ton liquid manure   
Industry 
Savings related to organic waste treatment                                    125     DKK/ton organic waste 
Environment 
Value of GHG reduction (CO2, CH4, N2O-reduction)                   22.38   DKK/ton treated 
Value of reduced N-eutrophication of ground water                       2.92   DKK/ton treated 
     Liquid manure                                                                             2.77   DKK/ton liquid manure  
     Organic waste spread on farm land in reference case                12.19  DKK/ton org. waste 
     Organic waste not spread on farm land in reference case         -22.50  DKK/ton org. waste 
 
 
The values of externalities in monetary term (DKK/ton of biomass) for a biogas plant with 
capacity of 550 ton biomass/day are listed in Table 5. These values estimated based on the price 
level in year 2000. The monetary values of GHG reduction and saving related to organic waste 
treatment have the highest effect on the results of the analysis. Therefore, the estimation of these 
values has been described in this section and sensitivity analysis about it can be found in 
(Section 5.3).    
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The value of saving related to organic waste treatment estimated based on the following 
assumptions. Without the presence of biogas plants, around 75% of waste will be stored in 
containers and the rest (25%) will be treated in another treatment facility. The cost of the storage 
facility assumed about 30 DKK/ton of waste and the cost of treating the waste in another 
treatment method (burning in incinerator) estimated around 400 DKK/ton. Hence, the mount of 
money can be saved, if organic waste processed in biogas plant equals to (0.75×30 + 0.25×400) 
≈ 125 DKK/ton of waste treated. Other treatment methods of organic waste like composting not 
evaluated in this analysis (more explanation in Section 5.3). 
 
     Table 6: The results of socio-economical analysis [6] 
Socio-economic results                                      Biogas plants size: 550 ton/day (20 % waste) 
Annual costs and benefits                          
Costs (levellised annuity)                                       Res. 0           Res. 1            Res. 2          Res. 3 
                                                                                                       Mio. DKK/year 
Investments: 
Biogas production/ biogas plant                             5.409            5.409             5.409           5.409 
Transport material                                                  0.876            0.876             0.876           0.876 
Operation and maintenance: 
Biogas production/ biogas plant                             4.521            4.521             4.521           4.521 
Transport material                                                  0.195            0.195             0.195           0.195 
 
Total                                                                       11.001         11.001           11.001         11.001 
 
Benefits (levellised annuity)                                  Res. 0           Res. 1            Res. 2          Res. 3 
Energy production: 
Biogas sales                                                           3.910             3.910             3.910           3.910 
Electricity sales                                                     0.456             0.456             0.456           0.456 
 
Agriculture: 
Storage, handling and distribution of manure                             0.241             0.241           0.241 
Value of improve manorial quality                                             1.379             1.379           1.379 
Value of reduced obnoxious smells                                                                                      0.723 
 
Industry: 
Savings related to organic waste treatment                                5.019             5.019            5.019  
 
Environment: 
Value of GHG (CO2, CH4, N2O) reduction                                                     4.492            4.492 
Value of reduced N-eutrophication of groundwater                                       0.586             0.586 
 
Total                                                                        4.366          11.004          16.083           16.806 
          Mio. DKK/year                                                                       
Total Benefits – Total costs                                  -6.635            0.003             5.082           5.805 
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The GHG considered in the analysis are CO2, CH4 and N2O. The Global Warming Potentials 
over 100 year (GWP_100) are 21 for CH4 and 310 for N2O. The values of GWP_100 estimated 
based on the effect of gas on global worming compared to the effect of CO2. For example, the 
emission of a volume of CH4 has 21 times higher effect on global worming compared to the 
emission of the same volume of CO2. The amount of GHG reduction due to the production of 
clean energy resource has been estimated. The monetary value for GHG reduction calculated, 
where the cost reduction of GHG in this analysis assumed 250 (DKK/ton CO2 reduced). The 
damage cost due to CO2 emission is difficult to estimate. According to EU project, it has a value 
within the range 32-1173 (DKK/ton CO2 reduced).  
 
The results of the analysis for biogas plant with capacity of 550 ton biomass/day are mentioned 
in Table 6. This analysis covers a period from 2001 to 2020 and the socio-economic rate of 
calculations assumed to be 6%.   
 
A deficit of 6.6 (million DKK/year) estimated in result 0 which not including externalities. The 
cost-benefit break even, if the benefits of biogas plant in agricultural and industrial sectors were 
considered in the analysis (result 1). Biogas technology is profitable and economically attractive 
when environmental impacts were considered (e.g. reduction of the GHG emissions and 
reduction of the pollution to groundwater). A profit of around 5 (million DKK/year) obtained 
from result 2. Adding the monetary value of smell reduction to this analysis, biogas process will 
be highly attractive, where a profit of 5.8 (million DKK/year) calculated in result 3. 
 
The main conclusions of the socio-economic analysis of biogas plant summarised as the 
following: 
1. Construction cost of biogas plant is very high and it is contribute significantly to the total 
cost of the plant. Therefore, constructing a biogas plant with high capacity will 
considerably reduce the cost of biogas. As a result, the higher the capacity of biogas 
plant, the lower the cost of biogas produced.  
2. Transportation of biomass from source to biogas plant has a high contribution to the total 
cost of producing energy from this technology. The higher the capacity of biogas plant, 
the higher the transportation cost of biomass. In fact, transportation distance is higher for 
biogas plant with high capacity. However, the increase in the transportation cost is small 
compared to the savings in investment cost and biomass storage. The results shows that 
biogas plants with capacities of 300 and 550 m3 biomass/day have approximately the 
same transportation cost which is 16 (DKK/m3 biomass/day). While, the transportation 
cost slightly increases to 18 (DKK/m3 biomass/day) for a plant with capacity of 800 m3 
biomass/day. 
3. The plan in Denmark is to construct biogas plants with large capacity 800 tons of 
biomass/day in order to reduce the cost of biogas produced.  
4. Organic waste from industry and household should be added to manure in order to 
increase the biogas yield and thereby reduce the production cost of biogas. This also 
increase CO2 reduction, improve fertilizer quality and reduce the treatment cost of 
organic waste. 
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5. Biogas technology is not profitable from traditional economic point of view. In the other 
hand, biogas process is very attractive from the socio-economic point of view which 
includes externalities (e.g. environmental and agricultural impacts) in monetary terms. 
This conclusion supports the fact that the main reasons of applying biogas technology are 
to reduce the environmental impacts (e.g. groundwater pollution and GHG emission) and 
to increase the benefit in agricultural and industrial sectors. The externalities can be best 
internalised by regulations which forced the different actors (e.g. farmers, industry, 
energy producers …ext) to treat waste in environmental friendly way, reduce GHG 
emission and prevent pollution. This will create a strong interest in biogas technology 
because the social welfare (externalities) will become social duty. 
6. R&D in biogas process is vital in order to perform further technological developments in 
this field. The aim is to increase the biogas yield and thereby reduce the cost. The cost 
can be reduced also by developing more effective and efficient pre-treatment processes 
which separate foreign materials (e.g. plastic bags and inorganic waste) from the digested 
biomass. Efficient separation process is important to increase the implementation of 
biogas plants in the future. For this reason, organic waste from household will be needed 
and this type of waste requires separation at the biogas plants.  
 
Currently, it is very difficult to get a financing grant for constructing a biogas plant. It is also 
hard to get a loan which can cover the huge investment for biogas plant construction. Therefore, 
several organizations or a cooperative of farmers usually participate in the cost. Large 
investments have been spent to improve this technology mainly during the first stages of biogas 
developments.  
 
One of the economical obstacles faced the development of biogas in Denmark was the decrease 
in the budget for scientific research after the new government. Biogas technology needs further 
developments to increase the efficiency and thereby improve the economic profitably. Therefore, 
decrease the research in this field will slow down the development in biogas sector. There are 
several R&D programmes in Denmark which are carrying scientific research to develop biogas 
technology. The research programmes were carried out in Universities, such as the Department 
of Environment and Resources (E&R) at the Technical University of Denmark (DTU) and the 
Department of Bioenergy at the South Denmark University. Moreover, Institutes, like the Danish 
Research Institute for Food Economics in Copenhagen and the Danish Technological Institute 
Centre for Biotechnology, are also performing research in the field of biogas. 
 
Farmers are the main contributors to biogas plant in Denmark. In fact, most of the biogas plants 
are owned by farmers. Therefore, it is important to discuss the economical profitability of biogas 
from farmers’ point of view. None of the above mentioned results (Res. 0, 1, 2, 3) can be used to 
evaluate the economic profitability of biogas in agricultural sector. Result 0 not includes the 
agricultural benefits. Result 1 includes the monetary value of saving related to organic waste 
treatment, which is an advantage for industrial sector. Farmers will not be interested in this profit 
unless they owned the food industry. But, farmers owned the biogas plants will be interested in 
the gate fees for receiving organic waste, which is 6 DKK/m3 of biomass treated [19]. 
Environmental externalities (GHG reduction and N-eutrophication of groundwater) are 
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considered in Result 2 of the economic analysis. Reduction of GHG is not of interest for either 
agricultural or industrial sectors since both organisations are not forced yet by the Danish 
government to reduce CO2 emission. In the other hand, there are regulations in Denmark to 
prevent any kind of pollution to groundwater. As well, farmers were used groundwater for 
irrigation purposes therefore it is advantage for them to not pollute or even reduce the pollution 
of groundwater. The reduction of obnoxious smell was added to result 3, this profit could be of 
interest for farmers. Reducing the smell of raw manure is an important aspect for the people 
working or living nearby the storage facility of biomass. In the mid 1980s farmers were ordered 
to store liquid manure for 9 months, and limits were imposed on the amount of liquid manure 
that could be spread per unit of agricultural area. There were advantages to building new storage 
facilities in combination with biogas plants, so a number of new plants were installed [15]. 
 
According to the above mentioned notes, the previous economic analysis reproduced in this 
study. The aim is to evaluate the economic profitability of biogas technology for the individual 
sectors in order to know whether these sectors were interested in biogas for economic reasons or 
for other purposes. Thus, the profitability of biogas technology in monetary terms has been 
considered for each sector (Agriculture, Industry and Energy) independently. As well, all the 
profits of biogas process for public (Environmental sector) have been evaluated. Externalities 
have the same monetary value as in the previous analysis. The results of this analysis are 
mentioned in Table 7. These results show that the highest benefit of biogas technology is in the 
environmental sector. Industrial sector is also has a high benefit from biogas technology due to 
saving related to organic waste treatment. 
 
Danish government posited a target to reduce GHG emission by 50% in 2020 for environmental 
reasons. The aim of GHG reduction was posited by the Danish government in order to meet the 
target of Kyoto protocol which has been ratified in 1998. Therefore, regulations may arise in the 
future in order to force industry and farmers to reduce GHG emission. Therefore biogas 
technology will be an economical solution for farmers to contribute to GHG reduction.  
 
The results in Table 7 show that biogas plants are not economically profitable for the agricultural 
sector. A deficit of 3.7 (million DKK/year) calculated as the difference between the total cost 
and the total benefits of using biogas plants for agricultural purposes. As well, biogas technology 
was not economically profitable for the energy and the industrial sectors. In the other hand, a 
profit of 0.55 (million DKK/year) estimated if the environmental externalities of biogas plant 
were considered. Biogas technology is not incentive from the economic point of view to any of 
the above mentioned sectors. Therefore, these sectors were not supporting biogas plants for 
economical purposes. The main reason of supporting biogas plants is the environmental 
regulations posited by the Danish government. For example, farmers were ought to store manure 
for six months before using it as fertilisers and also there was a limit on the amount of manure 
can be used as fertilisers. As a result, farmers found the biogas process as a way to solve the 
manure problem and improve the fertiliser quality. The government in Denmark posited high 
fees on receiving waste to landfills and incinerators, and thereby the food industries found that 
biogas plant is cheaper way to treat their organic waste. System operators forced by the state to 
connect the electricity produced from renewable resources (e.g. biogas plant) to the main grid 
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and the tariffs for the electricity produced from renewable resources were guaranteed for a 
period of 10 years. Thus, regulations were the main reason which motivates the different sectors 
and organisations to support biogas.  
 
 
Table 7: Socio-economic results of biogas technology for agricultural, industrial, energy and                   
public sectors individually. Results base on biogas plant with capacity of 550 ton/day, 
which treat biomass, contains 20% organic waste.  
Cost (Mio. DKK/year)                              Agriculture      Industry        Energy          Environment
Investments (cost): 
Biogas production/ biogas plant                  5.409              5.409             5.409                5.409 
Transport material                                       0.876               0.876            0.876                0.876   
 
Operation and maintenance: 
Biogas production/ biogas plant                 4.521               4.521             4.521                4.521      
Transport material                                      0.195               0.195             0.195                0.195 
     
Total cost                                                   11.001             11.001           11.001              11.001   
Benefits (Mio. DKK/year) 
Energy production: 
Biogas sales                                                 3.910             3.910             3.910                3.910 
Electricity sales                                           0.456              0.456            0.456                0.456 
 
Agriculture:  
Storage and handling of manure                 0.241                                                   
Improve the quality of manure                   1.379                                                             1.379 
Reduce obnoxious smell                             0.723                                                            0.723 
Reduce N-eutrophication of groundwater  0.586                                                             0.586        
 
Industry: 
Saving related to organic waste treatment                        5.019                                            
 
Environment: 
Reduction of GHG emission                                                                      4.492              4.492 
 
Total                                                            7.295            9.385                8.858              11.546 
Difference (Mio. DKK/year) 
Benefits – cost                                            -3.706           -1.616               -2.143              0.545 
 
 
Biogas plants in Denmark were owned by cooperations of several stockholders. Therefore, it is 
more reliable to evaluate the biogas technology from the environmental point of view. In other 
wards, the socio-economical analysis should consider all the externalities of biogas process 
rather than evaluating the benefit of biogas for each sector independently.   
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2.3. Other Problems 
 
Organisational disagreement was one obstacle has been occurred between the stockholders of 
biogas plants. For example, the construction of the biogas plant in Aalborg city has been started 
in July 1994. The construction has been delayed until November 1996 due to organizational 
problems between partners for financing reasons [9].     
 
There is an evidence of slow down or setbacks of biogas development in Denmark. No CPB 
were constructed since 1998 and the development of farm scale biogas plants slow down in the 
past few years. The new Danish government, which elected in November 2001, is a liberal and 
conservative coalition. The new government shifted the environmental and energy policies in 
Denmark towards less focus on environmental aspects in energy generation and more on cost 
efficient energy supply. Investments grant for biomass and D&R programmes for renewable 
energy have been stopped as seen in Table 8 [14].  
 
A framework has been established in by the Danish Energy Agency (DEA), the Environmental 
Protection Agency (EPA) and Ministry of Agriculture. The aim of the programme is to establish 
further investigations of biogas plants. Biogas Action Programme (BAP) started in 1988 for the 
construction and monitoring of biogas plants in addition to research and development activities. 
The programme provided financial support for CBP, which includes grants up to 40% of the total 
cost and long term loans with low interest rate. This allowed the construction of new biogas 
plants and speed up the technological developments of biogas process. The BAP stopped in 2002 
due to changes in energy policy by the new government and that caused a setback in the 
development of biogas technology [14]. 
 
 
          Table 8: Programme reductions in Denmark after new government [14] 
Programme Previous government 
support (million Euro) 
New government 
support (million Euro) 
Development and information of renewable energy 20 0 
Energy research 14 5 
Utilities energy research 10 10 
Energy savings and fuels switch in industry 19 0 
Investment grants for biomass CHP 4 0 
Joint Implementation and Clean Development 
Mechanism 
0 17 
 
 
There are a huge amount of animal manure and limited amount of organic industrial waste. 
Mixing organic waste with other types of biomass is essential to increase the yield of biogas. The 
higher the percent of organic waste, the higher the amount of biogas yield. Biogas plant used 
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only manure as input biomass will not be economically reliable because the income from biogas 
sale will be lower than the operation cost of the plant. Therefore, adding organic waste to the 
biomass with a minimum concentration of 10% is vital to increase the biogas yield. The limited 
availability of organic waste has a negative effect on increasing the implementation of biogas 
technology. 
 
A new political agreement among all parties in the Danish government has been posited in 29 of 
March 2004. The agreement is about wind energy and decentralized power and heat. It also 
includes discounting rules for biogas. New biogas plants may discount 60 Øre/KWh for a period 
of ten years and 40 Øre/KWh for a further ten years period. There will be a total upper limit of 8 
PJ for subsidy of existing and new biogas installations delivering to the grid by the end of 2008. 
The requirement to be connected to the grid by the year 2008 may be dispensed if grid delivery 
is delayed for reasons beyond the control of the biogas producer. Biogas installations that deliver 
biogas to natural-gas fired heat and power plants receive a biogas-price supplement of 26 
Øre/kWh (6 Øre after ten years) [23]. This agreement indicates a change in the energy policy of 
the new government towards increasing support of renewable energy. This agreement came after 
a long period of setback in the biogas sector. Subsidies for biogas plants will be stopped if the 
total energy produced from biogas will be over 8 PJ. This limit may decrease the economic 
profitability of biogas plants in the future unless advanced technical improvements will be 
discovered, which will increase the biogas yield. Therefore, significant technological 
developments should be achieved by 2008 according to the authority plan to increase the 
economic efficiency of biogas technology in order to further develop this technology without 
subsides or support from the government. 
  
As a conclusion, the developments in biogas technology stopped after 1998 due to changes in 
environmental and energy policy by the new government and limited availability of organic 
waste. The recent agreement assigned a significant change in the energy policy by the new 
government towards more supporting and implementing biogas power. This was a result of 
pressure from the energy organisations on the government.    
 
 
4.5. Organization and sectors supporting biogas technology 
 
Denmark adopted a bottom-up strategy which enables the individual organizations and sectors to 
play a key roll in decision making and policy in this country. Hence, the individual organizations 
and sectors, who are interested in biogas process, were playing a vital roll in supporting this 
technology. Biogas plants were established in Denmark for environmental, energy, and 
agricultural reasons. Therefore, the sectors, which have a specific interest in biogas, are 
Agriculture, Environment and Energy. A description of these sectors, the reasons of their interest 
in biogas and the action taken to promote this technology are mentioned below.  
 
There is one association in Denmark, which concerns about biogas technology and it is called 
Association for biogas (www.biogasbranchen.dk). This association represents all actors who are 
interested in biogas technology. The aim of biogas association is to promote and encourage the 
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application of this process. As well, it aims to increase the implementation of biogas plants in 
and outside Denmark. 
 
 
4.5.1. Agricultural sector 
 
Farmers have considerable influence on the policy and decision making in Denmark. In fact, 
they are participating in parties and governmental organizations. As well, the income from 
agricultural crops, animals products and food industry which owned by farmers has an important 
contribution to the national economy in this country. The results from the socio-economic 
analysis (table 7) show that the deficit of using biogas technology for agricultural purposes is 
about 3.7 (million DKK/year). Thereby, farmers were not interested in biogas for economical 
profit. Biogas plants were interested for farmers because it was a way to solve the environmental 
problems in the agricultural sector, such as the increasing amount of manure, the fertiliser’s 
quality and pollution to groundwater. The environmental regulations posited by the Danish 
government (e.g. storing the manure for six months before use, minimise pollution to 
groundwater) were the reason behind the great interest of farmers in this technology. Therefore, 
farmers played an important roll in establishing and increasing the implementation of this 
technology.   
 
The idea of developing biogas technology aroused after oil crises in 1973. The high energy 
prices in this period together with the increasing amount of manure stimulated farmers and 
researcher to generate energy from manure by using anaerobic digestion process (Biogas).   
Farmers were the first who introduce biogas technology in Denmark. Anders Lassen was the first 
farmer, who constructed a small biogas plant, made of fiber glass, but a full-scale plant 
constructed by Hans Aage Jespersen. Following by constructing many farm-scale biogas plants 
between 1970s and 1980s, these plants constructed by cooperation between the Danish grassroot 
movement (including Folke high school), local communities and farmers. As a result, farmers 
were the first who introduce biogas technology in Denmark and they were and still participating 
in financing and developing this technology. Cooperation for technological development of 
biogas plants (STUB) was founded in 1978 in which the Danish Research Institute for 
Agricultural Economics was responsible for economic monitoring [14].    
 
In 1984, the Danish Environmental Protection Agency (EPA) published a report on the risk of 
polluting groundwater due to nitrates leachate from agricultural land [14]. Nitrates leachate can 
occur if a large amount of raw manure used as fertilizers. This leachate pollutes the groundwater 
which is the main source for drinking water in Denmark. In order to prevent nitrate pollution, 
regulation posited which forced farmers to spread manure on agricultural land just if the risk of 
nitrate pollution is low. These regulations also included that manure should be stored for a period 
between 6 to 9 months. Therefore, farmers needed huge storage facilities to store the huge 
amount of manure generated and that add an additional cost for manure treatment.  
 
In 1987, Water Environmental Action Plan I published by the EPA. This plan aimed to further 
decrease the risk of nitrate leachate from agricultural land. More regulations roused to limit the 
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number of animals and the maximum amount of nitrate leachate per hectare of agricultural area. 
These regulations caused a problem for farmers due to manure surplus and thereby a treatment 
method was needed. Biogas technology was the solution for this problem and farmers were 
highly participating in investments to construct CBP. Farmers were played a major roll in 
supporting biogas technology. They were the first constructor of farm-scale biogas plants. 
Afterwards, several organizations (e.g. EPA, the Danish Energy Agency DEA, and the Ministry 
of Agriculture) were participating in supporting biogas plants mainly for environmental reasons.  
 
The cooperation among several actors was resulted in establishing Biogas Action Programme in 
1988 which focused on the construction and monitoring of biogas plants and also they carried a 
research and developments programmes in this field. Moreover, farmers were cooperating 
together in groups of 5 to 100 farmers to construct new biogas plants (Figure 7). The aim was to 
distribute manure and to provide cooperative storage facilities. Therefore, there was saving from 
treating manure and saving related to store the manure. These activities were financed by loans 
and grants from the Danish government plus the income from energy sales and gate fees of 
treating industrial organic waste.     
 
 
 
Figure 7: Ownership of CBP in Denmark [14] 
 
 
Farmers were the main supporter of biogas technology, as shown in Figure 7, farmers 
cooperative owned nine (45%) of the total number of CBP in Denmark. As well, farmers and 
heat consumer’s cooperative is the second largest ownership association of CBP. This 
cooperative owned four (20%) of CBP. The rest of the plants are owned by other stockholders 
(See Figure 7).  
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Farmers were ordered to store liquid manure for 9 months and thereby a storage facility was 
build nearby biogas plant. The energy produced from the small scale biogas plants used for heat 
production, where it can cover the district heat requirements for small rural communities [15]. 
Therefore, some saving was gained from implementing biogas technology. These saving were 
from improving fertilizer’s quality, reducing smell, saving related to storage and handling of 
manure and the biggest savings is from treating organic industrial waste.  
 
 
4.5.2. Energy sector 
 
Biogas is used for energy production; this gas can be used to produced electricity and heat. The 
total energy production from biogas plants in Denmark is around 1.4 PJ [14]. The Danish energy 
policy has three main objectives, which are [20]:  
1. security of supply 
2. economic efficiency 
3. environmental protection 
 
Biogas is not profitable for the energy sectors. The deficit in the energy sector is about 2.14 
(million DKK/year) as mentioned in Table 7. Biogas is not economically efficient due to its high 
cost; therefore it can’t compete with other energy resources like natural gas and oil.  
 
The electricity and the heat produced from biogas are very small percents of the total electricity 
and heat production in Denmark. The percent of electric power generated from renewable 
resources was 18.6% in 2002, where the main contributor is wind mills. The total electricity 
generation in 2002 was 38.6 TWh of which was 7.428 TWh renewable of which was 0.224 TWh 
Gas from biomass. The electricity generated from biogas is just 0.6% of the total electricity 
production in Denmark. In addition, the total heat production from renewable resources in 2002 
was 33023 TJ of which 845 TJ heat as gas from biomass. The heat production from biogas was 
2.6% of the heat produced from renewable resources in 2002 [21]. As a result, the power 
generated from biogas can’t promote the security of supply (the first aim of the Danish energy 
policy) due the small amount of power production.   
 
The grid system operators, ELTRA and Elkraft are not interested in biogas as a source for 
electricity. Biogas is interested from the environmental point of view as a source for clean 
energy production. According to the Danish regulations, electricity which produced from 
environmental resources like biogas plant should be connected by system operators to the main 
grid. Therefore, ELTRA and Elkraft were ought to add the electricity generated from biogas 
plants to the main grid despite of its very low contribution. Biogas plants receive an electricity 
production subsidy of 0.27 DKK per kWh. In addition to this there is the possibility of a 
construction subsidy for biogas plants [22]. 
 
Biogas is important source for district heating despite of its low contribution. Biogas plants were 
supplying district heat for small scale grids in rural areas. The distribution system for district 
heat consists of separated networks; each one supplies a local area. In other words, there is no 
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national grid for district heating due to the loss of temperature by distance. This makes biogas a 
very applicable technology in district heating sector. Biogas was competing fuels for district 
heating in the areas where biogas plants are presented. The Heat Supply Act announced on July 
2000 aimed to promote the environmental friendly resource for district heating and reduces the 
dependency on oil [23]. This makes the district heating companies were interested in biogas as a 
source for energy. 
 
The Electricity Supply Industry (ESI) in Denmark owned directly or indirectly by consumers 
cooperative or municipalities [20]. ESI is based on competition and cooperation among the 
different actors and owners. In order to increase the importance of biogas as a source of 
electricity, it is important that biogas supporters (e.g. farmers) own part of the distribution 
network or system operators. 
 
On 29th March 2004, the Danish government had an agreement to revitalize the renewable 
energy sector. The aim is to increase the implementation of renewable energy. The agreement 
includes an increase of 30% for research, development and demonstration of advanced 
renewable energy technologies. This will be financed and administrated by the new power 
authority EnergiNet Denmark which is a combination of the two system operators (ELTRA and 
Elkraft). This agreement was a result of pressure from energy and industrial organisations on the 
Danish government [16]. This could be an indication that the energy sector in Denmark is very 
interested in wind milles and biogas plants.  
 
 
4.5.3. Environmental sector  
 
The environmental sector includes all actors, organizations and associations that care about 
environment, such as EPA, government and NGO’s. Biogas is environmental friendly 
technology and it has many environmental applications. The results of the socio-economical 
analysis (Table 7) show that biogas technology is profitable for the environmental sector. A 
profit of 0.55 (million DKK/year) in this sector has been estimated.   
 
Municipalities in Denmark were interested in biogas technology because it is an environmental 
friendly process to treat organic waste. Municipalities have the burden to collect and treat waste 
in Denmark. The policy in Denmark is to encourage the recycling and the incineration of waste 
and to minimize landfill in order to reduce pollution in soil and groundwater. This policy has 
been in force by introducing a taxation system for waste handling. In 1990s, taxes for waste 
disposal have been posited, which were 335 DKK/ton for waste disposal in landfill and 260 
DKK/ton for waste disposal in incinerator [14]. Currently, the taxes on landfill and incinerator 
have been considerably increased.  While, recycling of waste is tax free. After these regulations, 
the problem of treating organic waste from household and industry has been aroused. Thus, 
biogas process was introduced as an economical treatment method for this type of waste.  
 
Another environmental advantage for biogas technology is reduction of GHG emission. The 
positive environmental effect of biogas process has encouraged the Danish government to 
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provide a financial support for this technology. Denmark has the highest carbon dioxide 
emission per capita in Europe and this country ratified the Kyoto Protocol in 1998. Therefore, a 
considerable amount of CO2 reduction should be accomplished in order to meet the target of 
Kyoto protocol. As a result, the Danish government posited a tax system on the consumption of 
conventional energy resources (e.g. oil and coal) in order to reduce energy consumption and 
thereby GHG emission. The income gained from the tax system was reinvested in renewable 
energy projects. A part of this fund was used to support a farm-scale biogas plant [14]. This was 
one source of financing to increase the implementation of biogas technology in Denmark for 
environmental reasons.        
 
 
5. Analysis and discussion 
 
 
5.1. Biogas developments in Denmark 
 
After 1998, no CBP has been built in Denmark (Figure 8), while 23 farm-scale plants have been 
constructed in the period from 1998 to 2002 (Figure 9). The total energy production of the 20 
CBP is around 1.3 Petajoule (PJ) per year [6] or 1.2 PJ per year according to Table 2, while the 
total energy production from biogas plants in Denmark is around 1.4 PJ [14]. Therefore, the 
energy production from farm-scale biogas plants is 0.1-0.2 PJ annually. As a result, effective 
development in biogas technology should be done by constructing more CBP because Farm-
scale plants have small contribution to energy production and biomass treatment. 
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Figure 8: The total and the new number of CBP in Denmark [14] & [18] 
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Figure 9: The total and the new number of Farm-scale biogas plants in Denmark [14] 
 
 
The developments of biogas technology in Denmark slowed down in the last six years. The main 
reasons for this setback are the change in the energy policy in this country and the limited 
availability of organic waste.  
 
The new government has changed the energy policy in the country. In the last years, the energy 
policy in Denmark focused on cheap and efficient power resources and less focus on 
environmental issues. Thus, many funding programmes for R&D (Table 8) of renewable energy 
resources (e.g. Biogas Action Programme) have been stopped. This policy slowed down the 
development of biogas process. On 29th of March, a new political agreement has been 
announced. The agreement introduces subsidies and a price-guarantee for biogas. It is expected 
that this agreement will speed up the developments in biogas after long time of impede. In the 
other hand, the limited availability of organic industrial waste may interrupt the enlargement of 
biogas technology in the future. 
 
Biomass consumption and biogas production for the twenty CBP in Denmark are listed in Table 
9. The data shows that most of the organic waste which used in CBP is from food industry and 
sludge. The percent of organic household waste used in CBP is about 0.4% of the total organic 
waste consumption, which is a very low percent. Industrial organic waste and sludge are not 
mixed with other inorganic waste; therefore separation process as a pre-treatment at biogas 
plants is not needed. Household organic waste is not effectively separated; it is usually mixed 
with a small amount of inorganic waste and plastic bags. Hence, separation of this type of waste 
at the biogas plant is needed, which adds additional cost to the energy produced from biogas.  
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Table 9: Biomass utilisation and biogas production for 20 CBP in Denmark [18] 
Agricultural 
biomass 
(m3/year) 
Organic 
Waste 
(m3/year) 
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V. Hjermitslev 1984 1500 m 10610  5636  16246 34,7 1,492 92 
Vegger 1985 800 t 13656  6898  20554 33,6 2,013 98 
Davinde 1988 750 m 11435  755  12190 6,2 0,282 23 
Sinding-Ørre 1988 2100 t 35720  13723  49443 27,8 2,348 47 
Fangel 1989 3200 m 48504  9143  57647 15,9 2,275 39 
Revninge 1989 540 m 7517  2272  9789 23,2 0,355 36 
Ribe 1990 4650 t 118920  43058  161978 26,6 4,762 29 
Lintrup 1990 6900 m 91295  37870  129165 29,3 3,718 29 
Lemvig 1992 7000 t 119478  36909  156387 23,6 5,302 34 
Hodsager 1993 880 m 12068 180 6234  18482 33,7 0,656 35 
Hashøj 1994 2900 m 27497  18657  46154 40,4 2,504 54 
Thorsø 1994 4600 t 91712 29 23272  115013 20,2 3,281 29 
Århus 1995 7500 m 121902  17389 54 139345 12,5 3,860 28 
Filskov 1995 880 t 18496 18 11506  30020 38,3 1,224 41 
Studsgård 1996 6000 t 87235  23371 864 111470 21,7 5,841 52 
Blåbjerg 1996 5000 t 89560  25373  114933 22,1 3,300 29 
Snertinge 1996 2800 t 29004  14805  43809 33,8 1,694 39 
Blåhøj 1997 2800 t 23089 194 6992  30275 23,1 1,353 45 
Vaarst/Fjellerad 1997 2000 t 14808  15907 582 31297 52,7 2,382 76 
Nysted 1998 5000 m 54556  3793  58349 6,5 1,450 25 
Total 1027062 421 323563 1500 1352546 24% 50,092 - 
1 m indicates Mesophilic process (30-40o C) and t indicates Thermophilic process (50-60o C) 
2 Other organic waste such as: Sludge, Fodder, Bleaching earth, Tanneries, Intestinal content 
 
 
The total energy production from biogas plants in Denmark is around 1.4 PJ [14] and the target 
to increase biogas production up to 20 PJ per year in 2020. Therefore, the obstacles were facing 
biogas technology should be overcame to speed up the development of biogas in order to reach 
this target. In addition, the new political agreements (29 March 2004) put an upper limit of 8 PJ 
for subsidy of existing and new biogas installations. As a result, technological development is 
required to reduce the cost of energy produce from biogas and thereby this technology will be 
further developed without subsidies. The economic profitability of biogas plants should be 
improved to a level at which biogas installations will be able to continue developments without 
investment grants.  
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The biogas yield (m3 biogas/m3 biomass) has been plotted versus the percentage of organic waste 
(%) which used in the CBP (Data from Table 9 [18]). The results in Figure 10 show that the 
biogas yield is not always increased at higher percent of organic waste. This observation matches 
the explanation which mentioned in Section 3.4 (Organic overloading). This due to the 
complexity of the digestion process in which many parameters and factors are involved as 
explained in Sections (3.3 & 3.4). The availability of organic waste is limited in Denmark. 
Therefore, it is preferably to use the lower percent of organic waste which keeps the biogas yield 
at acceptable level. The suggested percent of organic waste is 10-20% of the total biomass 
treated.    
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Figure 10: Biogas yield as a function of the percentage of organic waste 
 
 
 
The average income (the income from energy sales and fees of treating industrial organic waste 
minus operational cost) of CBP in Denmark plotted versus time per years in Figure 11. The 
results show an increase in the income from biogas plant from 1992 to 2000 that due to the 
development of biogas process within this period. The improvements in biogas technology were 
the increased in biogas yield and constructing large capacity biogas plants. These improved the 
economical feasibility of this technology. It expected that the income from CBP will be constant 
after year 2000. 
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Figure 11: Average income of CBP in Denmark. The income is calculated as the difference 
between operational cost and the income from energy sales and gate fees for treating 
organic industrial waste [14]. 
 
 
5.2. Suggestions for the future   
 
Denmark utilized 3% of the available manure, while there is a limited amount of organic 
industrial waste. Therefore new strategies should be adopted in order to increase the 
implementation of biogas technology in Denmark. These could be: 
 
The first possibility is using organic waste from household. This type of waste should be 
separated at biogas plant because it contains inorganic materials. Inorganic materials are not 
digested during biogas process. This decreases the biogas yield and damages the quality of 
fertilizers. Adding separation technique to pre-treatment processes of biomass increases the 
production cost of biogas. However, the cost of separation process at biogas plant can be 
minimised if efficient source separation of household waste will be implemented. CBP is 
economically viable, if biogas yields 25 - 34 m3 biogas per m3 biomass. In order to obtain this 
yield, the percent of organic waste should be 10 to 21% of the biomass treated. Biogas 
technology can be expanding by utilizing organic waste from household and thereby the amount 
of manure treated in biogas will be higher.    
 
The second possibility could be by positing fees on manure treatment in biogas plants. These 
fees should be paid by farmers in case that no organic waste was available. The aim is to 
compensate the economical value which will be lost due to the decrease in biogas yield. The 
amount of fees can be calculated based on the following facts [6]: 
                 Gas yield from slurry:        22 m3 biogas per m3 slurry 
                 Biogas sales price:             2 DKK per m3 biogas 
                 Economic biogas yield:     25 – 34 m3 biogas per m3 biomass (10-21% organic waste) 
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Thus, 3 to 12 m3 biogas per m3 manure will be lost by treating manure without organic waste, 
which corresponding to a monetary value in the range 6-24 (DDK/m3manure). Nielsen L. H. 
suggested that treatment fee of 14 (DKK/m3 manure) should be paid by the farmers in case that 
no organic waste was supplied [6]. The suggested fee is within the calculated range 6-24 
(DDK/m3 manure). 
 
The third possibility might be selling the biogas technology to countries or companies who are 
interested in this process. Denmark achieved advance technological developments in biogas 
plants. The country was suffering from slow down in the biogas development during the last few 
years due to funding difficulties. Thus, new sources of funding are essential to continue the 
developments in biogas field. The amount of money gained from selling the technology can be 
reinvested in R&D programmes or constructing new CBP. 
 
The fourth suggestion is to increase the public awareness about biogas technology and its 
benefits in agricultural, industrial and environmental sectors. Public opinion in Denmark has 
influence on decision makers. The purpose is to create pressure on the government in order to 
increase the support for biogas plants. Increase the public awareness can be done by advisements 
which describe the positive environmental impact of biogas process. Denmark adopted a bottom-
up policy and thereby the actors supporting biogas plants (e.g. farmers, researchers and 
environmentalists) can stimulate a pressure on authority in order to increase the funding for 
R&D of renewable energy resources.      
 
The solid concentration in manure is low; the total solid concentration is 3-5% in pigs manure 
and 6-9% in cattle and cows manure. This low concentration is one reason for the low biogas 
yield. The other reason is that manure contains high concentration of lignocelluloses which 
converts to fiber during the digestion process. Fiber is unruly to degradation by the available 
bacteria. In the other hand, manure contains high concentration of nutrients which are necessary 
for bacterial growth. It is possible to separate the manure to refine nutrients in concentrated form. 
It is suggested to develop a culture of microorganisms (It could be genetically modified 
microorganisms) which able to digest fiber under certain conditions. The aim is to find a 
technical way to increase the biogas yield from the digestion of manure without adding organic 
waste. This technical suggestion requires experimental work in order to test its reliability. 
 
 
In the past two decays, the problems have been faced the development of biogas technology in 
Denmark were mainly technical problems. Most of these technical problems have been already 
solved. It is expected that the obstacles will face the developments of biogas in the future will be 
mainly economical obstacles. The investment grants for biogas plants will decrease when the 
total biogas energy reach a limit of 8 PJ. 
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5.3. Comments on the CBA  
 
The socio-economic analysis of CBP [6] suggested monetary values for the externalities of 
biogas technology in agricultural, environmental and industrial sectors (Table 5).  
 
It has been suggested that the monetary value of savings related to organic waste treatment is 
125 DKK/ton [6]. This value estimated based on the assumptions that without the presence of 
biogas process, around 75% of organic waste will be stored in containers and 25% will be treated 
in incinerator. It is not really clear who these assumptions have been posited. The estimation of 
this value can be done in another ways. For example, estimating the cost of processing one m3 of 
organic waste by composting process and compare it to the cost of treating the same amount in 
biogas plant. The difference will be the amount of saving related to organic waste treatment. It is 
believed that the suggested value (125 DKK/ton) is overestimated. Literature shows that organic 
compounds are rapidly degraded during composting process as opposite to biogas process. 
Generally, composting is more cost-effective compared to biogas. In the other hand, biogas 
process is more environmental friendly compared to composting because it has mitigation effect 
on GHG emission [12]. There are very high fees on the disposal of waste in Landfill and 
Incinerator; therefore it could be cheaper to handle organic waste in biogas plant.  
 
The estimated value of GHG reduction was 250 DKK/ton of CO2 reduced. This value is very 
difficult to estimate and it has high uncertainty. The monetary value of GHG reduction is varying 
by time and it believe that the current value will decrease in the coming years. It could be 
possible in the future to buy the CO2 credits from countries with low GHG emission according to 
Kyoto protocol with lower value. 
 
More Advantages and disadvantages of biogas process can be added to the socio-economic 
analysis such as: 
? Increase the production at farms associated to biogas plants due to the positive 
effects of this technology on agriculture. The amount of increase in the agricultural 
production can be measured and evaluated in monetary term. The monetary value 
can be added as a benefit in the agricultural sectors in the socio-economical analysis. 
? Emission of GHG due to accidental problems (e.g. leakage from biogas plant). The 
probability of accidental problems in biogas plants can be estimated from statistical 
analysis of the leakage problems which have been occurred in the past. By estimating 
the amount of GHG has been emitted due leakage from biogas system, it will be 
possible to roughly assume the emission of GHG per time units. Thereby, the 
monetary value of the accidental emission can be calculated, assuming the cost for 
GHG emission in the unit DKK/ton CO2.   
? Create employments opportunities especially in rural areas. The monetary value of 
this benefit depends on the employments opportunities which available in each area 
and the interest of the population to work in biogas plant. It can be estimated by 
asking persons in rural areas, who much they are welling to pay in order to get a job 
in biogas plant.   
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? Emission of GHG during transportation of biomass: The amount of GHG emitted 
during transportation of biomass from sources to biogas plants can be measured in a 
unit (ton CO2 / m3 of biomass). Then, the monetary value of this emission can be 
calculated by multiple the measured amount with the cost of GHG emission (DKK/ 
ton CO2) 
 
 
6. Conclusion 
 
Biogas technology has many environmental, agricultural and industrial applications. It is a 
method to treat manure and organic waste in environmental friendly way. As well, the energy 
production from biogas contributes to GHG reduction. From socio-economic point of view, 
biogas technology is profitable and promising technology due to its benefits for environment, 
agriculture and industry.  
 
Several obstacles has been interrupted the development of biogas plants in Denmark. These 
obstacles have been classified into three categories which are Technical, Economical and Other 
problems. Many technical problems disrupted the progress of biogas process, such as gas leakage 
from rector and pipelines system, presence of inorganic waste, process inhibition due to change 
in temperature, low biogas yield…ext. Technical solutions have been introduced for most of 
these problems.  
 
The developments of Biogas plants were facing economical problems. This technology is not 
economically profitable from the conventional economic point of view. In fact, the investments 
and operation cost are higher than the benefits from energy sells. Thus, biogas plants have been 
supported by the Danish government through investments grants and regulations. But in the last 
few years, many financial programmes and funding for biogas have been cancelled by the new 
government. A change in the policy has been observed recently, where the Danish government 
signed an agreement to support biogas and wind milles.  
 
The other problems, which have a direct influence on the expansion of biogas technology, are the 
limited availability of organic waste and the shift in the Danish energy policy towards more 
efficient energy resources. These two obstacles were the main reasons behind the current slow 
down of biogas development.  
 
The developments in biogas technology slowed down after 1998. Therefore, new strategies 
should be adopted in order to increase the implementation of biogas technology in the future. 
Four suggestions provided in this report, which are create external funding by selling the 
advance biogas technology to other countries, the money gained can be reinvested in R&D or 
construction more plants in Denmark. The second suggestion is to create pressure on the Danish 
government to increase funding for renewable resources. The third possibility is utilizing more 
organic household waste which necessary to increase the biogas yield. The fourth 
recommendation is positing fees on treating manure in biogas plants, where a value between 6-
24 (DKK/m3 manure) was suggested. 
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Biogas development in Denmark has reached advanced stage but further developments in this 
technology are vital to improve the efficiency (biogas yield) and reduce the cost. The state in 
Denmark should take the financial burden to further improve the technology until achieve stage 
at which biogas process will be economically profitable for industrial sector. Thereby, industry 
can take over and perform further development in this technology. All the experience has been 
gained and the money has been spent can be lost, if the development of biogas technology has be 
stopped for a long period of time.     
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Annex A 
 
 
The main types of bioenergy system and their applications: 
 
Bioenergy is a conversion process of biomass into energy source through several technologies 
and processes. The technologies of producing biopower are ranging from very simple and old 
used process (e.g. direct combustion) to very complex, advanced and new applicable 
technologies (e.g. biogas process). Some of these technologies are commercial and widely 
available. Others are not profitable and required further technological developments to improve 
their efficiency. In simple bioenergy technologies, biomass can be used directly without or with 
minimum preparation as input fuel. While, more complex technologies are required significant 
modification in which the biomass are converted into secondary fuel by altering its chemical and 
physical properties. The changes in biomass properties were aimed to increase the technology’s 
efficiency. 
 
The main conversion processes of bioenergy are (all the data is from reference [1]): 
 
 
A. Biochemical conversion 
 
Biochemical conversion is including two process anaerobic digestion and Alcohol fermentation. 
Both technologies are widely available and applicable. 
 
1. Anaerobic digestion (biogas process) 
 
This process was firstly used in the 19th century but the main developments in anaerobic 
digestion were accomplished between 1930 and 1940. The interest in this energy technology was 
decreased until oil crises 1970, when the oil prices were decreased. Currently, anaerobic 
digestion is one of the most grown-up biomass technologies in terms of the numbers of 
installations and years of use. This project focuses on anaerobic digestion process; therefore this 
process described in details in Section (3.1).  
 
2. Alcohol fermentation 
 
This process is the fermentation of biomass for the production of bio-fuel, such as ethanol 
(C2H5OH) and methanol (CH3OH). Biomass rich in sugar (e.g. beets, sugarcane) or starch (e.g. 
maize, wheat) can be used for ethanol production. In fermentation process, yeast and heat are 
used to break down complex sugar (sucrose) into simple sugar (glucose). This is the same 
fermentation process used for making alcoholic drinks. The fermentation process takes several 
days to be completed, afterwards the mixture is distilled. The produced fluid is 96% ethanol and 
4% water fraction. The ethanol-water mixture must be dehydrated in a separate step before it can 
be used as a fuel. 
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The fermentation of biomass for the production of wines and spirits was known long time ago 
but the utilization of this process for energy production was started in the 19th century. The 
research to obtain fuel from biomass was intensified during World War II and after oil crises in 
1970th.  
Ethanol can replace the fossil fuel in the transportation sector because it has zero carbon dioxide 
emission. However, the challenge is to produce this bio-fuel in large and sufficient quantities. 
Methanol has high toxicity; therefore it is not safe to use it in the transportation sector. 
 
 
B. Physical-chemical conversion 
 
Physical-chemical conversion process (Pressing-extraction process) is a method to produce fluid 
bio-fuel from biomass that contains vegetable oil. Thus, only biomass, which containing 
vegetable oil, is used in this method. Oil is extracted from biomass (e.g. seed, sunflower, 
soybean, and palm oil) and then used as a fuel. The oil fuel can be used pure or in mixture with 
other type of fuel like diesel. Mixture fuel is usually subjected to chemical treatment to increase 
its performance. During chemical treatment, oil is combined with alcohol (methanol or ethanol) 
and then blended with diesel for commercial use.  
 
The energy generated from this process is costly and the cost reduction potential is low. In the 
other hand, the oil fuel has lower environmental impact compared to crude oil. This property 
increases its applicability as a fuel for ships and boats in lakes and river, where the purpose is to 
reduce pollution in aquatic system. 
 
 
C. Thermochemical conversion 
 
In these processes, heat is used for the decomposition of biomass. The effluent’s amounts of 
gasses, solid and liquid are varying depending on the condition and the type of conversion 
process. Thermochemical conversion is divided into three processes.  
 
1. Direct combustion 
 
This is the simplest and the most common way of producing energy in form of heat from 
biomass. Wood is the most used biomass for direct combustion, which is the oldest source of 
energy. Coal is mostly replaced wood as source of energy after industrial revolution. Currently, 
wood is still used for heating in the rural areas of developing countries and in small percent in 
developed countries. Carbon dioxide is emitted during direct burning of wood. However, it 
considered that wood combustion has no net Greenhouse Gas (GHG) emission because trees 
consume carbon dioxide as they grew. That right in case of sustainable consumption of wood, 
but this is not the case due to the deforestation problems around the world. 
 
The equipments used for direct combustion (e.g. stoves, ovens, kilns, furnaces) are very simple 
and widely available. Direct burning of biomass in traditional way has low efficiency (5-10%). 
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Recently, wood is cut into small size (chips and pellets) easier to transport and dried before 
burned. The purpose of pre-treatment of wood is to increase the density of combustible materials 
and thereby the efficiency of combusting process. This method is not economically attractive 
because the cost of energy generated from wood burning is higher than the produced from fusel 
fuel. This process is still applicable in areas which have no access to oil fuel.     
 
Direct combustion is mainly used in household for heating, cooking and lightning. It can be used 
also for generating electricity, especially in areas where some kinds of industry are available, 
such as sugar mills, pulp and paper industries, and sawmills. Where, the waste produce by these 
industries are used for generating electricity by direct burning. This application is very useful 
because it reduce the cost of generating electricity and treating industrial waste.  
 
2. Pyrolysis (Carbonization) 
 
Pyrolysis is a thermochemical process in which organic compound is breaking down into their 
preliminary elements, such as Carbon, hydrogen and Oxygen. The process is occurred by heating 
an organic material (e.g. wood) to high temperature (600o C) under anaerobic condition.  
 
Pyrolysis was used in the bronze and iron age to make charcoal. Recently, Pyrolysis is used for 
the production of gaseous fuels and oil by thermochemical decomposition.  Pyrolysis oil is also 
called bio-oil, wood oil, and liquid wood. Many types of biomass can be used for bio-oil 
production, such as residues and energy crops. This type of fuel can substitute the fusel oil but it 
is not commercially available due to the high cost.   
 
More advanced, Fast Pyrolysis process is performed in which biomass is heated rapidly under 
anaerobic conditions. The resulting output is vapors, aerosols and charcoal. Cooling and 
condensation processes are followed, where a dark brown liquid is formed. This fluid fuel has a 
heating value about half of the conventional fuel oil. This recent technology has limited 
commercial applications. 
 
3. Biomass Gasification 
 
Gasification process is the thermochemical conversion of solid biomass to gaseous fuel. The 
result of this decomposition is a combustible gas, composed mainly of methane (CH4), hydrogen 
(H2), and carbon monoxide (CO). Pyrolysis process takes place in which the volatile compounds 
of biomass are released as combustible and non-combustible gases. The residuals of this process 
are char (Carbon) and ash. Char is burned providing heat for Pyrolysis and gasification of the 
first step. Afterwards, gas passes through a scrubber where particulate matter is removed. 
 
The basic principles of this process were known since 18th century, when the generated gas was 
used to lighting a part of London city. This has been considered as the first commercial 
application of gaseous fuel. Until 1920, the biogas was used as a fuel for engines, where cars, 
trucks and tractors were running using biogas. The interest in gaseous fuel was increased 
dramatically during World War II due to scarcity of oil at that time. After war and until 1970, oil 
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was widely available with economical prise. Hence, the applications of biogas as fuel were 
decline. During and after first oil crises 1973-1974 and after second oil crises 1979, bio-fuel was 
used to keep the basic transportation system running. Numerous attempts were made to increase 
the efficiency and the applications of biogasification process. Attempts were made to produce 
electricity from biomass, using gasification process. Due to this effort, technological 
developments were achieved but the cost of producing gaseous fuel from biomass is still high. 
Biogas is not a high-quality fuel compared to natural gas or to gasoline. A sketch of Gasifier 
plant is shown in Figure A.1. 
 
 
Gasifier  
Figure A.1: Gasifier plant [1] 
 
Biomass Gasification has various applications that require clean gaseous fuel. Bio-fuel can be 
used in Heat gasifiers (burner producing heat). This heat is utilized in different form, such as 
heating in the households, boilers, driers and kilns. Biogas is also used as fuel for power gasifiers 
(combustion engine) to produce electricity. As well, gaseous fuel is utilized in Combined Heat 
and Power (CHP) plants. The gaseous produced from biomass should be very clean to used it in 
combustion engine. While, there is no need for gas cleaning system in heat gasifiers. Biomass 
gasification is coupled with advanced power cycles; this will offer great flexibility to the power 
producers. 
 
Biogasification process has several advantages, which make it widely applicable in both 
developed and developing countries:  
? The production of bio fuel which can be utilized to produce heat and electricity. 
? A method to treat different types of waste in an environmentally friendly way. 
? Biomass gasifiers produce no sulphur oxides which cause acid rain formation. 
? Create jobs opportunities, especially in rural areas. 
? Can use biomass (i.e. feedstock) which is unsuitable for direct burning. 
? Cost reduction potential is high. 
? Biomass gasifiers are technically reliable and economically viable. 
? Filtered byproducts are recycled back to croplands. 
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In the other hand, the produced biogas contained carbon monoxide (CO). This gas is toxic and 
dirty because it is containing tars, soot, ash and water. Accidental events could occur, which 
caused toxic gaseous emissions (CO), fire and explosion. Therefore, there is a risk on human life, 
and discharge of pollutants to the environments. The probability of such accidents should be 
calculated and safety procedures should be considered during construction and planning stages.  
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Annex B 
 
 
 
Biomass energy resources 
 
In industrialized countries, the percent of bioenergy used to the total energy supply is around 3%. 
A number of developed countries use higher percent of bioenergy, such as Finland 15% and 
Sweden 9%.  The amount of bioenergy use is even higher in some developing countries, for 
example Nepal 95%, Malawi 94%, Kenya 75%, India 50%, China 33%, Brazil 25%, Egypt and 
Morocco 20% [3]. The use of bioenergy is also attractive for environmental reasons. Bioenergy 
provides the technologies required to treat different types of waste.  
 
The solar energy on earth is stored by plants by photosynthesis process in form of a carbohydrate 
(e.g. starch, sugar, cellulose and hemicellulose). The amount of energy stored annually in plants 
is several times higher than the total energy consumption in the world. The overall average 
efficiency of photosynthetic conversion is about 3%, taking into account the terrestrial areas [3]. 
Biomass founds in dispersed form, it does not exist in a concentrated deposit. Therefore, a 
significant amount of the energy cost is spending on the collection and the transportation of 
biomass. The biomass resources classified in the following groups [3]: 
 
Woodfuels 
 
This includes all the biomass derived from forests and woodlands, such as wood and charcoal. 
Wood is the oldest source of energy, where it was used by direct combustion. Woodfuel is still 
used for energy purposes in rural areas and urban areas of developing countries. As well, wood is 
used as a material for construction and furniture. The consumption of wood is growing rapidly 
and hence forestation programmes should be adopted to meet the increasing demand of wood. 
The world consumption of wood for energy exceeds 1.2 Gt/year [3].    
 
Agricultural waste 
 
It is the waste produced from agricultural activity, including all the types of crops. A huge 
amount of agricultural residuals are generated every year, e.g. husk residual which is generated 
from rice crop is around 100 Mt/year. It can be assumed that around 25% dry weight of the 
agricultural products is residual but not all the waste generated is utilized for energy production.    
 
Energy crops 
 
The types of energy crops are: 
? Short-rotation forestry: tree plantations for industrial and energy production 
? Herbaceous crops: It is widely available, easily cultivated over a wide range of 
climate, and has great genetic variability (e.g. Sorghum) 
 - 52 -
? Vegetable oil: It can be used alone as fuel or mixed with diesel (e.g. Soya,  
groundnut, cottonseed, sunflower, rapeseed, palm oil and castor oil)   
? Hydrocarbon-bearing plants: It is the plants used directly for the production of 
gasoline fuel (e.g. Euphorbia Lathyris). 
 
Urban waste 
 
Urban waste is composed of municipal solid waste and wastewater. Municipal Solid Waste 
(MSW) is the waste generated by households, commercial institutions, construction and industry. 
Wastewater is the liquid waste which is generated from urban areas. Liquid and solid wastes 
were utilized for energy production by various processes (e.g. anaerobic digestion, gasification, 
and incineration).   
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Annex C 
 
 
Basic definitions 
 
Reactor:  
The reactor is a completely or partly closed tank, where optimal conditions can be applied. 
Different types of processes (e.g. chemical, nuclear and fermentation reactions) can take place in 
the reactor. The running process can be monitored and controlled.  
 
Hydraulic retention time:  
It is the period of time that a fluid or a soluble particle is remaining inside the reactor despite of 
continues flow. This time is depending on the volume of the reactor V (M3) and on the flow rate 
F (M3/T), and it can be calculated from the following equation.   
F
V
T =  
 
Solids retention time: 
It is the period of time that the biomass (insoluble particles) is staying inside the reactor. In other 
words, it is the time period between putting and removing the biomass from the reactor. 
 
Chemical Oxygen Demand (COD): 
The amount of Oxygen needed to completely oxidise the waste g O2/Litter. The measured COD 
value gives an estimation of the amount of organic matter present in the biomass. Several 
chemicals can be used as agents in the analysis, such as potassium permanganate. 
 
Total solids (TS): 
The total amount of solid (organic and inorganic materials) presented in the biomass after drying 
the sample at 100o C. 
 
Volatile solid (VS): 
It is the amount of material lost from the dried sample after heating it for a period of one hour at 
550o C. This value represents the amount of organic materials in the sample. In fact, almost all 
the organic materials will be evaporated at this temperature while the inorganic materials need 
higher temperature to evaporate. 
 
Volumetric loading rate: 
It is the feeding rate of organic matter to the reactor per time (g COD/litter reactor-volume/ time)  
 
Sludge loading rate: 
The amount of organic matter fed per gram biomass in the reactor (g COD/g VSS/ day). 
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Annex D 
 
 
Overview of the energy system in Denmark 
 
The Danish energy system, over the past 40 years, has a general increase in prosperity and large 
scale destruction of supply. After the Second World War Danish energy consumption grew faster 
than did the Danish economy. Up to the later half of the 1950s coal was the predominant fuel in 
energy supply due to the lake of Oil at that time. Between the late 1950 and 1970, energy 
consumption has been doubled and power plants, industry and heat consumers switched from 
coal to oil which was cheap and easy to handle. By the end of the 1960s, Denmark’s energy 
supply was based predominantly on oil, thus Denmark was very vulnerable to fluctuation in oil 
suppliers and prices at that period. During and between the energy crises in 1973-1974, energy 
consumption dropped abruptly around 7%; but consumption has risen again before the next 
energy crisis in 1979. Then it fell substantially. Since early 1986, the energy consumption in 
Denmark has been stabilized despite of the small flocculation in the international price for oil 
market. The energy consumption in Denmark is approximately 160 GJ/Capita/Year.  
 
Before the first energy crises in the period between 1950-1973, the energy sector in Denmark 
was subjected to limited public regulation. The oil crises showed vividly how energy sector of 
great important to the Danish society and that lead to the formulation of energy policy and 
regulations in order to promote the security of energy supply.  The legislations after the energy 
crises included the Electricity Supply Act (in force in 1977), the Heat Supply Act (1979), the 
Construction of the Natural Gas Project Act (1979) and the regulation for the underground 
sector, including the Underground Act, the Act on Certain Installations at Sea and the Agreement 
with Danish Underground Consortium DUC (1981). Thus in the period after the energy crises, 
savings in energy consumption were given the high priority through subsidies and alterations of 
the building regulations. Power plants switched from oil to coal, and it considered in heat 
planning the possibility of shifts in supplies, by establishing district heating from power plants 
and natural gas projects.  
 
Oil exploration was intensified in the Danish sector of the North Sea and resulted in the first 
licensing rounds. Finally, an emergency plan was dawn up against any interruption of supplies. It 
included a build up of stocks and exchange agreements within the International Energy Agency 
(IEA) and the European Community (EC). Thus the oil dependence characteristic of the 1960s 
has been replaced by multiple source of supply; in 1972 oil accounted for over 90% of energy 
consumption, but now it is less than half. At present the volume of oil production is exceeding 
the countries domestic requirements and Denmark became oil exporter country. Natural gas 
production meets all domestic needs and permits substantial exports. Denmark is thus self-
sufficient concerning energy resources except for coal.   
 
Taxes on energy were posited to maintain the economic base for Combined Heat and Power 
CHP and natural gas projects. Taxes on oil and electricity were introduced in 1977 while on coal 
in 1982. The value of the taxes is much depending on the international oil prices to keep energy 
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prices in Denmark at a fixed level. The aim was to preserve long-term energy targets of stable 
and dependable energy supplies. The present energy tax system is on oil, coal and electricity. 
While, renewable energy and natural gas were tax free in order to increase their implementation.   
 
The Danish energy resources include oil and natural gas from the North Sea, biomass from 
agriculture and forestry plus renewable energy mainly wind power. Denmark is oil and natural 
gas export country. The available volume of oil in the North Sea is huge but its extraction is 
difficult due to the complex geology. Existing technology could allow production of around 50% 
of the existing oil quantity. Bioenergy in Denmark is mainly generated from straw, biogas, 
wood, municipal waste and energy crops. Biomass is an important source of energy since 
burning it releases approximately the same amount of CO2 compared to its natural degradation.  
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